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Abstract 
This thesis describes the planning, observations and analysis of 
a pulsar proper motion survey carried out with the Parkes-Tidbinbilla In-
terferometer from September 1986 until November 1988. It describes the 
interpretation of the results, and a self-consistent model of pulsar and mas-
sive binary system evolution. 
We have determined the proper motions of 6 radio pulsars. The 
accuracy of our measurements is high, and the derived proper motion between 
two reference sources of 0.5 ± 1 mas yr-1 indicates that systematic errors 
affecting our derived proper motions are small. 
Our results confirm that: 
• Pulsars are high velocity objects. 
• There is a correlation between the velocity and magnetic field strength of 
radio pulsars. 
• Most pulsar proper motion vectors are directed away from the galactic 
plane. 
The proper motion of the Vela pulsar is discussed. We conclude 
that the region of enhanced emission, Vela-X, is not pulsar-driven, and that 
the Vela SNR has expanded asymmetrically since its birth. 
The trigonometric parallax of PSR 1451-68 has been determined 
by our observations. The parallax of 2.2 ± 0.3 mas yields a value of 0.19 ± 
0.03 cm-3 for the column density of free electrons along the line of sight to 
this pulsar. 
A model for the origin of pulsar velocities and the evolution of 
massive binary systems is presented. In such systems, both stars end their life 
as a supernova and leave a neutron star remnant which may be observable as 
a pulsar. In the model, radio pulsars receive impulsive kick velocities at birth 
of order 200 km s-1 . Contrary to conventional assuptions, pulsar magnetic 
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fields are assumed not to decay, but are only reduced by the accretion of 
matter. We suggest that massive binary systems with orbital periods of a 
few months prior to the common envelope phase do not undergo spiral-in, 
but remain wide until the second supernova explosion. If this is so then it 
follows that: 
• Very few binary pulsars are formed. 
• Two populations of pulsars arise, one of which has low magnetic field 
strengths (1010 -1011 G) and low velocities ( rv 30 km s-1 ). These pulsars have 
had their fields reduced by accretion in a massive binary system before being 
released with velocities similar to their orbital speeds. The other population 
is born with high fields (1012-1013 G) and high velocities ( rv 200 km s-1 ) 
similar to the kick they received at birth. These pulsars come from either 
single stars or a supernova which disrupts a binary system. 
• The orbital eccentricities of the Be X-ray binaries are high. 
• Low-mass X-ray binaries and low-mass binary pulsars can be formed via 
direct supernova-collapse of massive stars. 
We review this model in chapter 6 with reference to the results of 
our observations and the newly-discovered binary pulsar PSR 1820-11. We 
find: 
• Pulsars with small characteristic ages are poor tools for determining the 
pulsar magnetic field decay timescale. 
• The only two pulsars with large characteristic ages and small errors in their 
z-velocities both have initial z-heights far more compatible with an infinite 
decay timescale than with one of several million years as is often postulated. 
• The velocity magnetic-moment correlation is almost certainly real. 
• Pulsars with high magnetic field strengths have initial velocities of order 
200 km s-1 . The percentage of pulsars born with low velocities is determined 
by the field decay timescale. For small field decay timescales, about 50 % 
of pulsars are born with velocities < 50 km s-1 . However, for infinite decay 
Vlll 
timescales, this fraction is <15 % and most pulsars have velocities of order 
200 km s-1 . 
• The binary pulsar PSR 1820-11 cannot be explained by conventional evo-
lutionary scenarios, but the existence of a small number of such objects is 
consistent with our model. 
• If explosions are symmetric, we expect a much greater number of single 
pulsars with similar spin and magnetic field characteristics to PSR 1913+16 
than are observed. 
. 
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Chapter 1: Introduction. 
1.1 Radio Pulsars. 
Ever since their serendipitious discovery in late 1967 by Bell and Hewish, 
radio pulsars have continued to surprise us with their extraordinary properties. 
Radio pulsars are widely believed to be rotating magnetised neutron stars which 
emit radio waves in a narrow beam. If the beam crosses our line-of-sight we 
receive a short burst of radio radiation once per spin period in a short "pulse", 
hence the name, pulsar. The time between pulses is referred to as the pulsar 
period, P, and for the currently known pulsars these range from 1.6 milliseconds 
to 4.2 seconds. 
When corrected to the solar system barycentre , the periods of r adio pulsars 
are remarkably stable. The periods increase steadily and typical p eriod deriva-
tives, F', are ""'10- 15 ss- 1 although they range from ""'10- 12 to ""'10 - 20 ss- 1 . In 
many cases it is possible to predict the period of a pulsar to one part in 1012 
over several years from timing data. The accurate timing of the b inary pulsar 
PSR 1913+16 has lead to the determination of the mass of a pulsar and the 
first observational evidence of the emission of gravitational radiat ion (Taylor and 
"\i\Teisberg 1982). 
The discovery of the millisecond pulsar PSR 1937+21 (Backer et al. 1982) 
with a spin period twenty times smaller than the Crab pulsar lead to a ren-
naissence of interest in radio pulsars. Several major surveys were undertaken as 
a result of this discovery to try to find short-period pulsars. Anot her two mil-
lisecond pulsars were discovered which are members of binary system s (Boriakoff, 
Buccheri and Fauci 1983, Segelstein et al. 1986) and Lyne et al. (1986) discov-
ered the first pulsar in a globular cluster. A pulsar was discovered in the CTB80 
supernova remnant with an unusually weak magnetic field (Kulkarni et al. 1988) 
and in 1988 the eclipsing pulsar PSR 1957 + 20 (Fruch ter , St inebring and Taylor 
1 
1988) was discovered. In order to explain many of these objects, revisions have 
had to be made to the standard models of pulsar and binary evolution. 
There are now about 450 radio pulsars known, most of which have been 
found in a few major surveys. Almost all pulsars are galactic objects, although 
two have been discovered in the Large Magellanic Cloud and about 10 in globular 
clusters. The majority of pulsars are solitary objects with spin periods between 
0.1-2.0 seconds. They are distributed throughout the galaxy with a scale height 
of 400 pc. It is from these pulsars that the standard picture of pulsar evolution is 
derived. The standard picture (Lyne, Manchester and Taylor 1985) has pulsars 
being born as the result of the core collapse of a massive star during a Type 
II supernova explosion with spin periods of a few tens of milliseconds, magnetic 
field strengths of rv 1012 G and velocities of a few hundred km s-1 . They then 
steadily spin down to longer periods as a result of the emission of magnetic di pole 
radiation and cease to operate as radio pulsars after some 107 years. It is also 
widely believed that their magnetic fields decay on a timescale of about 107 years. 
From this simple model, one can explain most of the generally observed properties 
of radio pulsars. 
A useful diagram to consider is the spin period - magnetic field (B-P) di-
agram. In Figure 1.1 we present all of the currently known pulsars as well as 
some evolutionary tracks of pulsars as dictated by the standard model on the 
B-P diagram. As can be seen from the Figure, the majority of pulsars in the 
diagram are well described by the standard model. 
The propagation time of the pulsar signal through the interstellar medium 
(ISM) is a function of frequency. The delay (t2 - t 1 ) between the arrival of a 
pulse at two different frequencies v2 and v1 is given by 
(1.1) 
where e and m are the charge and mass of an electron, c the speed of light, 
ne is the free electron density and d is the distance to the pulsar (Manchester 
and Taylor 1977). The dispersion measure, DM is given by J0d nedl and is the 
column density of free electrons in the path to the pulsar. By comparing the 
column densities of free electrons with the distances obtained for pulsars from HI 
absorption, annual parallax, and pulsar-SNR associations it has been possible to 
establish a model of the free electron density in the galaxy ( see Lyne, Manchester 
and Taylor 1985). From this model, an approximate distance to any pulsar can be 
obtained from its dispersion measure which is probably good to a factor of two. 
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Figure 1.1: The Magnetic Field - Period (B-P) diagram for the known radio 
pulsars. A series of isochrones are plotted as well as the evolutionary tracks of 
two pulsars with initial spin periods of 1 ms and field strengths of 1012 and 1013 
G and decay timescales of 9 x 106 yr. The spin-up line is also shown on the 
diagram. 
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There are only two pulsars that have their annual parallaxes known with any 
certainty, and these are PSR 1929+10 and PSR 0850+08 (Gwinn et al. 1986). 
The proper motions of 26 pulsars, determined by Lyne, Anderson and Salter 
(1982) have played an important role in the development of the standard model. 
They have confirmed that most pulsars are born near the galactic plane and have 
provided independent estimates of pulsar ages. From the proper motions it has 
been possible to derive a kinetic age which can be used to estimate the magnetic 
field decay timescale of pulsars if one constrains the initial spin period. Together 
with distance estimates, the 26 proper motions have yielded the best estimates 
of pulsar velocities. 
The principle aims of this thesis are to determine the proper motions of as 
many southern hemisphere pulsars as possible using the Parkes-Tidbinbilla radio 
interferometer, and use this proper motion data along with that already compiled 
to try to determine the origin and initial distribution of pulsar velocities, the field 
decay law and initial period distribution of radio pulsars. 
1.2 Pulsar Velocities. 
The majority of radio pulsars are widely believed to have formed from pop-
, 
ulation I OB stars which generally possess velocities of only a few tens of km 
s- 1 . The radio pulsars have velocities which are typically an order of magnitude 
higher. Our knowledge of pulsar velocities stems mainly from the radio interfer-
ometric observations of Lyne, Anderson and Salter (1982) and the scintillation 
speed measurements of Cordes (1986). From their ages and z-distribution, it was 
soon realised that radio pulsars must be high velocity objects if they originated 
from the galactic plane (Gunn and Ostriker 1970). 
Although we can derive the proper motion of radio pulsars using radio in-
terferometry, the radial component of velocity remains unknown. The velocities 
we obtain are therefore restricted to two dimensions and are dependent on the 
assumed distance. Since the distances are usually uncertain by a factor of l"V2 the 
derived velocities are also subject to similar uncertainties. 
The transverse velocities of 26 pulsars, as derived from radio interferometric 
techniques by Lyne, Anderson and Salter (1982) are shown in Figure 1.2. If the 
pulsars' velocities are distributed isotropically then the rms space velocity is 207 
km s- 1 . In Figure 1.3 we plot the transverse velocities of 69 radio pulsars derived 
by Cordes (1986) using the scintillation speed method. The scintillation speeds 
of radio pulsars yield transverse speeds but contain no directional information. 
4 
Although the scintillation speeds of radio pulsars are variable, they have the 
advantage of being proportional to the square root of the dispersion measure of 
the radio pulsar and can be determined from only one observation. There is a 
reasonable correlation between the velocities obtained from the two techniques 
( Cordes 1986). 
There are two other methods of determining pulsar proper motions, from 
pulse timing, and in some special cases, from optical measurements. Pulse timing 
relies on the fact the pulse periods of radio pulsars are very stable. As the Earth 
rotates about the Sun this induces a Doppler modulation of a pulsar's pulse period 
which in turn yields information on the position of the radio pulsar. Over the 
course of several years, this can lead to the determination of a proper motion. 
Unfortunately the pulse periods of radio pulsars are subject to random variations 
in their time of arrival which limits the number of pulsars for which this method 
is suitable. For those pulsars which have their proper motions determined from 
timing data (Manchester, Taylor and Van 1974; Helfand, Taylor and Manchester 
1977; Gullahorn and Rankin 1978) the agreement with and the more accurate 
interferometric observations is often poor (Lyne, Anderson and Salter 1982). 
There are only two galactic optical pulsars known, the Crab and Vela pulsars. 
Both are associated with supernova remnants. The proper motion of the Crab 
pulsar was determined by Wyckoff and Murray (1977) to be 12±3 mas yr- 1 
corresponding to a transverse velocity of 120 km s-1 . The Vela pulsar has had 
an upper limit placed on its proper motion of 60 mas yr- 1 by Bignami and 
Caraveo (1988). 
The origin of the pulsars' high velocities is unclear. Since their velocities 
are an order of magnitude higher than their progenitor population, the OB stars , 
there must be some acceleration mechanism at work either during their formation , 
or shortly afterwards. There are currently three theories for the origin of the 
pulsar velocities. The first of these is the binary break-up theory proposed by 
Gott, Gunn and Ostriker (1970) and more recently supported by Radhakrishnan 
and Shukre (1985). If radio pulsar progenitors are members of binary systems, 
and at the time of the supernova explosion which forms the pulsar more than half 
of the mass is lost from the system, the orbit will disrupt. The resulting velocities 
of the pulsar and its companion depend on the presupernova orbital period and 
the fraction of mass lost. For presupernova orbital periods of the order a day, it 
is easy to show that the velocities produced are of the same order as observed 
pulsar velocities. 
The second theory, sometimes referred to as the asymmetric kick hypothesis 
was proposed by Shklovskii (1970) and has been recently supported by Dewey and 
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Figure 1.3: The transverse velocities of 69 pulsars as determined by Cordes 
(1986) using the scintillation speed method. 
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Cordes (1987). This theory argues that the high velocities of the radio pulsars 
are produced by the asymmetric ejection of matter during the supernova event 
which forms the pulsar. At the time of the supernova explosion it is widely 
accepted that a few solar masses of the presupernova star are ejected at velocities 
of rv 10,000 km s-1 . An asymmetry of only a few percent in the outgoing ejecta is 
enough to cause the newly-produced pulsar to recoil at several hundred km s-1 . 
In an extension to the asymmetric kick hypothesis Dewey and Cordes (1987) 
have asymmetric explosions occurring in binary and multiple systems as well as 
in single stars. 
The final theory, often referred to as the rocket theory (Harrison and Tade-
maru 1975), invokes the asymmetric radiation of particles from young pulsars to 
convert rotational kinetic energy into translational kinetic energy. This theory 
has fallen out of favour in recent times. The proper motion vector of pulsars 
should be aligned with their spin axes if the rocket theory is responsible for the 
pulsar velocities. Such an alignment has been shown not to exist by Morris, 
Radhakrishnan and Shukre (1976) and Anderson and Lyne (1983). 
The difficulties involved in distinguishing between the different theories is a 
result of ~he relatively small number of known proper motions and the limited 
information one can extract from a pulsar about its past. Whilst the standard 
model is largely successful in explaining the general population it does not concern 
itself with the binary frequency of the progenitor population or seek to explain 
the origin of pulsar velocities. 
The vast majority ( rv98%) of radio pulsars are single objects. In most cases 
limits can be placed on any doppler-induced modulation of the radio pulsar period 
which preclude even planetary-sized companions (Manchester and Taylor 1977). 
Unlike their descendents, the OB stars have a high binary frequency, of about 0.5. 
Obviously there is either some selection against pulsars in binaries in surveys, or 
the binaries are disrupted, or both. The low fraction of pulsars in binaries is 
almost certainly connected with the origin of their velocities. 
In an attempt to resolve the issue, Dewey and Cordes undertook a detailed 
Monte Carlo simulation of the pulsar progenitor population in order to try to 
reproduce the observed fraction of pulsars in binaries and the pulsar velocity 
distribution. They found that there were simply not enough binary progenitors 
to produce the required fraction of high-velocity pulsars unless some additional 
acceleration mechanism was at work. They also concluded that the number of 
binary pulsars produced by the binary break-up theory was far in excess of ob-
servations. 
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It is possible to salvage the binary break-up theory by increasing the pro-
portion of pulsar progenitors in binaries and their pre-explosion masses. This is 
in slight disagreement with currently accepted range of pre-explosion masses and 
the binary frequency of massive stars, but not entirely unreasonable. The model 
considered by Dewey and Cordes with asymmetric explosions was not without 
its problems, despite the introduction of another free parameter into the model. 
The fraction of binary pulsars was still too high and the velocity distribution too 
narrow. Their model also failed to reproduce the observed correlation between 
velocity and magnetic moment. 
The main conclusions to be drawn from the study of Dewey and Cordes are 
that if there are no asymmetries, then severe constraints can be placed on the 
binary frequency of the pulsar progenitor population and masses of supernovae. 
In this work we consider the evolution of binary systems and the effects of 
asymmetric explosions on them in order to try to discriminate between the two 
models for the origin of pulsar velocities. 
1.3 The Magnetic Fields of Radio Pulsars. 
It was pointed out by Anderson and Lyne (1983) that there existed a corre-
lation between the transverse velocity and magnetic moment of the radio pulsars 
in the sample of Lyne, Anderson and Salter (1982). There are two models which 
relate the slowdown of a radio pulsar to its magnetic field strength. One, the 
oblique rotator model, assumes that the slowdown of the pulsar is due to the 
emission of magnetic dipole radiation, whereas the polar cap model assumes that 
the acceleration of relativistic particles is responsible for the braking torque. For 
a dipole field, both predict that the strength of the surface magnetic field B is of 
order 
B2 = ( 3I c3 )Pp (1.2) 
81r2 R6 
where c is the speed of light, and I and Rare the moment of inertia and radius 
of the neutron star respectively. It is assumed here that the same order of energy 
loss occurs for aligned rotators as it does for perpendicular ones. The implied 
field strengths are of the order 1012 Gauss although they range from a few by 108 
G to about 1013 G. These are of the same order as the field strengths one expects 
if the magnetic flux of a massive star is conserved under collapse to a neutron 
star. 
In Figure 1.4 we plot the velocities of known pulsars against their mag-
netic field strengths. There is a clear correlation of magnetic field strength with 
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velocity although the correlation is much stronger between current fields than 
initial fields. Whether this correlation occurs as a result of selection effects, or 
is a basic property of radio pulsars was investigated by Stollman and van den 
Heuvel (1986). They concluded that the correlation was genuine, although it 
was enhanced by selection effects. Any model which attempts to account for the 
origin of the pulsar velocities must explain the correlation between velocity and 
magnetic moment. 
Anderson and Lyne (1983) suggested that if the asymmetry in the supernova 
explosion was influenced by the initial magnetic field strength, then this could 
lead to the observed correlation. However Radhakrishnan (1985) demonstrated 
that the energy stored in the magnetic field was five orders of magnitude below the 
kinetic energy of most pulsars. He argued that the correlation was the result of the 
differing evolutionary histories of high-mass and intermediate-mass binaries. In 
his model, high-mass binaries produced two high-field, high-velocity pulsars as a 
result of the disruption of a short-period binary at the time of the second SN event. 
The low-field, low-velocity pulsars had a different evolutionary history where only 
one SN event takes place. At this time the system is fairly wide an the velocity 
impulse received by the system is moderate. After the evolutionary timescale of 
the secondary, a common-envelope forms, and the secondary is completely tidally 
disrupted by the neutron star. The evolutionary timescale of the secondary in the 
intermediate mass systems is long enough for the pulsar's field to have decayed 
considerably. A low-field, low-velocity pulsar remains. 
From their simulation of the pulsar progenitor population Dewey and Cordes 
(1987) concluded that the correlation could not be induced as a result of the 
differing evolutionary histories of pulsars and that the kick a radio pulsar receives 
may be connected with its initial magnetic field strength. 
If the frequency of rotation is n = p- 1 then in most models 
n = -I<nn (1.3) 
where 1{ is a positive constant and n is the braking index. If the braking torque 
is solely due to magnetic dipole radiation, or particle acceleration in a dipole field 
then n = 3. Upon integration of equation (1.3) we obtain 
n [ ( n ) n-lJ t - to= - . 1- -(n - l)n no (1.4) 
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Figure 1.4 The transverse velocities of 26 radio pulsars as determined by Lyne, 
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where the time since n = f20 is t - t0 (Manchester and Taylor 1977). If n < < n0 
then the true age of the pulsar is well approximated by the characteristic age T 
where 
n 
T=- . (n - l)n 
p 
(1.5). (n - l)P 
If n = 3 then the characteristic age is T = P /(2F). The characteristic age is 
generally believed to be a good upper limit to the age of a radio pulsar. The 
characteristic age is close to the true age if n = 3, the initial spin period of the 
pulsar is much smaller than its current value, and the magnetic field strength is 
constant. If the magnetic field does decay, then the characteristic age is still a 
good upper limit to the age of the pulsar. 
In Figure 1.5 we reproduce a plot from Lyne, Anderson and Salter (1982) 
which plots the characteristic age Tc of a radio pulsar against its kinetic age TK, 
derived from its proper motion. The existence of most of the pulsars below the 
line of equality is evidence that pulsar fields decay. If the torque is dependent on 
the angle between the spin axis and the magnetic field, as in the oblique rotator 
model, then an equally valid interpretation of the observed torque decay is that 
the di polar magnetic field is aligning with the spin axis of the pulsar. From a 
recent study, Lyne and Manchester (1988) concluded that over long timescales the 
field does align with the spin axis of the pulsar, but that the torque is independent 
of this. 
Lyne, Hitchings and Smith (1975) cited the distribution of pulsars in the 
P-P diagram as evidence for the decay of pulsar fields, and many authors (Rad-
hakrishnan 1982, Lyne, Manchester and Taylor 1985, Chevalier and Emmering 
1986, Stellman 1987) require the decay of pulsar fields in order to model the ob-
served population. The range of decay timescales is somewhat large, being from 
2-9 Myr. 
On the theoretical front Sang and Chanmugan (1987) have shown that the 
decay timescale could well be over 109 yr. From birthrate considerations (Srini-
vasan and Bhattacharya 1987), and the discovery of a very cool ( and hence old) 
white dwarf companion to PSR 0655+64 (I{ulkarni 1986), it is now widely be-
lieved that the fields of radio pulsars do not decay indefinitely on a timescale of 
rv 5 x 106 yr but have a residual non-decaying component. 
Our sample of pulsar proper motions will increase the number of pulsars for 
which we characteristic and kinetic ages and furnish more information on the 
decay of pulsar fields. 
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1.4 Millisecond and Binary Pulsars. 
The binary pulsars have remained bound to their companion stars after the 
supernova explosion which produced them. Their rarity amongst the general 
population, and their orbital and spin characteristics must be explained by any 
model which purports to explain the origin of the pulsar velocities. The millisec-
ond pulsars have an extremely high binary frequency and reside in the bottom 
left-hand corner of the B-P diagram (Figure 1.1) far removed from the general 
population. Their unique location in the B-P diagram is a result of their peculiar 
evolutionary history. In this section, we examine currently accepted evolutionary 
scenarios for the formation of the binary and millisecond pulsars. 
Table 1.1: Galactic Binary and Millisecond Pulsars . 
. 
Pulsar p p B Porb e Mcomp 
(s) ( ss-1 ) (G) (days) (M0) 
PSR0021-72A 0.004 ? ? 0.022 0.33 0.8 . 
PSR0021-72B 0.006 ? ? 7-95 ? ? . . 
PSR0655+64 0.196 6 X 10-19 1 X 1010 1.03 0.000 0.7-1.3 
PSR1913+16 0.059 8 X 10-18 2 X 1010 0.32 0.617 1.4 
PSR2303+46 1.066 4 X 10-16 6 X 1011 12.34 0.658 1.2-2.5 
PSR0820+02 0.865 1 X 10- 16 3 X 1011 1232 0.012 0.2-0.4 
PSR1620-09 0.011 8 X 10-19 3 X 109 191 0.025 ?? .. 
PSR1831-00 0.521 2 X 10- 17 1 X 1011 1.81 < 0.005 0.06-0.13 
PSR1855+09 0.0054 2 X 10- 19 1 X 109 12.3 0.000 0.2-0.4 
PSR1953+29 0.0061 3 X 10-20 4 X 108 117 0.0003 0.2-0.4 
PSR1957+20 0.0016 ? ? 0.38 0.00 0.02 
PSR1821-24 0.0030 2 X 10-18 2 X 109 - - -
PSR1937+21 0.0016 1 X 10-19 4 X 108 - - -
Table 1.1 lists all of the known galactic binary and millisecond pulsars along 
with their spin periods P, magnetic field strengths B, and where applicable orbital 
eccentricities e, orbital periods Porb, and probable companion masses, Mcomp . The 
binary pulsars are often broken up into two groups on the basis of their companion 
masses and these two groups are believed to have had different evolutionary 
histories. 
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The High-Mass Systems. 
The binary pulsars in the high-mass group PSR 1913+16, PSR 2303+46 and 
PSR 0655+64, are believed to have descended from massive binaries. Typical 
companion masses are > 1 M 0 . The generally accepted model for the formation 
of these systems is that of van den Heuvel (1987). The model of van den Heuvel 
is portrayed schematically in Figure 1.6. 
Stage 1. ZAMS. At ZAMS (Zero-Age Main Sequence) we begin with a massive 
binary system with an orbital period of a few days to a few weeks. 
Stage 2. First 1nass transfer phase. After ;"V 107 years the more massive of the 
two stars swells up at the end of its main sequence lifetime and begins transferring 
matter onto its companion. The fraction of matter able to be accepted by the 
companion is uncertain but may be close to 100 %. In such a case the mass 
transfer is referred to as conservative. 
Stage 3. First Wolf-Rayet phase. For the next ;"V5 x 105 years or so we have 
a helium rich presupernova (Wolf-Rayet) star in orbit around a main sequence 
companion. At the end of this phase the originally more massive star explodes 
producing a neutron star which remains bound to the now more massive com-
panion star. 
Stage 4. Be X-ray binary phase. For the rest of the main sequence lifetime 
of the companion, the neutron star orbits the main sequence star in an eccentric 
orbit. If the stellar wind density is high enough the system may be visible as a 
weak X-ray source which may flare upon periastron passage, similar to the Be 
X-ray binaries. 
Stage 5. Massive X-ray binary phase. At the end of its main sequence 
lifetime, the companion will swell to fill its Roche Lobe and the orbit will rapidly 
circularise due to the strong tidal forces. The system will become a bright X-ray 
source. 
Stage 6. Common-envelope phase. As the radius of the giant continues to 
swell, the neutron star cannot accept all of the incoming matter. As a result, a 
common envelope is formed, and there is a large amount of angular momentum 
and mass lost from the system. 
Stage 7. Second Wolf-Rayet Phase. Eventually the system emerges from 
the common envelope with a greatly decreased orbital radius. The orbit is now 
circular and the neutron star has been spun-up by the accretion of matter from 
the companion. The spin-up line gives the minimum period of a pulsar that has 
been spun-up by the accretion of matter for a given magnetic field strength. It 
is given by ( van den Heuvel 1987) 
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Stage 1. ZAMS. 
Stage 2. First Mass Transfer Phase. 
Stage 3. First Wolf-Rayet Phase. 
Stage 4. Be X-ray Binary Phase. 
Stage 5. Massive X-ray Binary Phase. 
Stage 6. Common Envelope Phase. 
Stage 7. Second Wolf-Rayet Phase. 
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Figure 1.6 The evolution of a massive binary from ZAMS to binary pulsar. If 
the mass of the secondary is such that it cannot explode as a supernova, then the 
system follows path 8c. If the secondary does explode then the number of systems 
which follow paths 8a and 8b respectively depend on the disruption probability 
of the binary. 
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where Peq is the equilibrium spin period, B9 the magnetic field strength in units 
of 109 G, M the mass, R 6 the radius in units of 106 cm and L the X-ray luminosity. 
Its location on the B-P diagram is shown on Figure 1.1. 
Stage 8a. Binary pulsar ( neutron star + neutron star). If the secondary 
(initially less massive star) is massive enough, it too can undergo core collapse. 
If the system remains bound, an eccentric binary pulsar will result with one 
apparently normal pulsar, and a spun-up or "resurrected" pulsar. In the case of 
PSR 1913+16, it appears that the pulsar was the first-born in the system, as the 
period and magnetic field of the pulsar place it on the spin-up line far from the 
general population. However, in the case of PSR. 2303+46 the situation is not as 
clear, and the pulsar may be the first- or second-born pulsar. 
Stage 8b. Two Runaway pulsars. If the orbit disrupts after the second 
supernova explosion, we are left with two runaway pulsars, one of which has been 
spun-up, and the other of which is "normal". 
Stage 8c. Binary Pulsar (neutron star + white dwarf). If the secondary 
does not explode, we are left with a massive white dwarf in orbit around a spun-
up pulsar. The orbit remains circular. PSR 0655+64 is believed to have evolved 
in this manner. 
What can these binary pulsars tell us about the origin of pulsar velocities? 
If no kick velocity is imparted to the last-born pulsar, the orbital eccentricity e, 
is uniquely determined by remnant and presupernova masses as follows 
(1. 7) 
where Mh is the mass of the presupernova star and Mx is the mass of the rem-
nants. Here the mass of the remnants are assumed to be equal. If the system 
contains two neutron stars, then tidal forces are insignificant and the orbit will re-
main eccentric. In the special case where the orbit is highly relativistic, the orbit 
will decay due to emission of gravitational radiation and the eccentricity will de-
crease slowly with time. For PSR 1913+ 16 and PSR 2303+46, the eccentricities 
of their orbits suggest masses for the presupernova star of l"V3. l M 0 . 
With a sample of only two objects, we cannot draw any firm conclusions on 
whether asymmetries have occurred in these systems. The required presupernova 
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masses are consistent with currently accepted theory (van den Heuvel 1987). Un-
fortunately, if asymmetries are responsible for the origin of the pulsar velocities, 
we expect highly eccentric systems to be more prevalent as in many cases the 
systems which survive the explosion will almost disrupted. The discovery of a 
mildly eccentric ( e rv 0.1 - 0.4) double neutron star binary pulsar would come 
down heavily on the side of asymmetric explosions, whereas eccentricities consis-
tently above 0.6 would rule in favour of symmetric explosions. It is unlikely that 
the number of binary pulsars resembling PSR 1913+16 and PSR 2303+46 will 
greatly increase in the near future and so we must look to other evidence to try 
to discern the origin of pulsar velocities. 
The binary pulsar PSR 0655+64 has been circularised since the pulsar was 
formed, and hence any evidence of an asymmetry in the event which formed the 
pulsar has been lost. 
If the binary break-up theory is correct, the survival probability is indepen-
dent of the presupernova orbital period of the binary (see Radhakrishnan and 
Shukre 1985). As a result, we might expect the periods of the binary pulsars to 
reflect the periods of their progenitor systems. This would imply that the ma-
jority of binary systems have orbital periods after the common envelope phase 
of < a few days. On the other hand, asymmetric explosions will tend to disrupt 
any loosely bound binaries and hence the asymmetric kick hypothesis allows a 
greater range of presupernova orbital periods. 
The Low-Mass Systems. 
The low-mass systems are typified by companion masses of< 0.4 M 0 . The 
formation of these systems is more difficult to explain than the high-mass systems. 
If the pulsars are formed through core collapse of a massive star, in a similar 
manner to PSR 0655+64, it is very difficult to see how they could have survived 
the formation event without disrupting the binary. Furthermore, the evolutionary 
timescale of the companion star ( rv 109 yr) is much greater than the expected 
lifetime of the pulsar ( rv 107 yr). The binary break-up theory .requires a very low 
presupernova mass in order to avoid disruption-, whereas even a slight asymmetry 
in the SN explosion which produced the pulsar would have blown the loosely 
bound binaries apart. It seems unreasonable to expect asymmetries to produce 
the large velocities of rv 350 km s-1 for some pulsars and only rv 10 km s-1 for 
others. 
The normal solution to these problems is to invoke a different evolutionary 
scenario which involves the accretion-induced collapse of a white dwarf. Following 
van den Heuvel (1984) we present the widely accepted model for the formation 
of the low-mass binary pulsars. 
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In Figure 1. 7 a schematic diagram is shown of the evolution of a ZAMS 
intermediate mass binary to a binary pulsar. 
Stage 1. ZAMS. At ZAMS we have a 6 M0 primary and a 1 M0 secondary 
star in a circular orbit. 
Stage 2. Main sequence + white dwarf. After rv 108 years the primary 
leaves the main sequence and begins transfering mass to the secondary. The 
transfer of matter is from a more massive to a less massive body and as a result 
the orbit contracts. Little of the infalling matter is accepted by the secondary as 
the Kelvin-Helmholtz timescale is too large for it to adjust to a new equilibrium 
state. Runaway mass transfer ensues and a large amount of matter is lost from 
the system. The primary is unable to collapse to a neutron star and a massive 
white dwarf is left in orbit around a main sequence star. 
Stage 3. Second Mass Transfer Stage. In about 109 years the secondary 
leaves the main sequence and fills its Roche Lobe. The resulting mass transfer is 
now from a less massive to a more massive body, and as a result, is stable. When 
the mass of the white dwarf exceeds the Chandrasekhar limit of rv 1.4 M0 the 
white dwarf collapses to form a neutron star. 
Stage 4. Post-collapse (low-mass X-ray binary). The collapse is assumed 
to be symmetric, with a relatively small expulsion of matter, and hence the orbit 
remains bound. This solves the problem of disruption of the orbit encountered by 
scenarios involving the direct core collapse of massive stars. The orbit widens as a 
result of the release of the gravitational binding energy of the neutron star ( rvO. l 
M0), and we are left with a neutron star in orbit around a low-mass giant. When 
mass transfer resumes, the neutron star begins to accrete matter, and becomes 
visible as a low-mass X-ray binary. 
Stage 5. Binary pulsar. Eventually the mass transfer ceases and the compan-
ion becomes a white dwarf. We are left with a spun-up pulsar in orbit around 
a low-mass white dwarf. The duration of the mass transfer phase after collapse 
to a neutron star probably determines the final spin period of the pulsar. If the 
mass transfer continues for a suitable period, the field can decay to rv 5 x 108 G, 
and the pulsar can be spun-up to millisecond periods. 
Stage 6. Evaporation of the Secondary. 
The discovery of the eclipsing binary pulsar PSR 1957+20 (Fruchter, Stine-
bring and Taylor 1988), has yielded a solution to one of the puzzles which has 
surrounded the original millisecond pulsar PSR 1937 +21 since its discovery. PSR 
1937 +21 is a solitary object, but its spin period and location on the B-P diagram 
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Figure 1. 7 The evolutionary scenario for the formation of the low-m ass binary 
and millisecond pulsars by the accretion-induced collapse of a white d warf. 
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strongly suggest that in the past PSR 1937 +21 was the member of a binary sys-
tem where mass accretion onto the pulsar occurred. The absence of a companion 
star has always been a problem. The eclipsing pulsar strongly resembles PSR 
1937+21 in its spin and magnetic field characteristics (see Table 1.1) and if not 
for the companion star of PSR 1957+20, the two pulsars would be very similar. 
There is evidence that the PSR 1957 +20 is evaporating its companion star. The 
companion mass is only 0.02 M 0 and the plot of dispersion measure against or-
bital phase is consistent with a cometry tail being blown from the companion. It 
is thought that high energy gamma-rays will eventually destroy the companion 
star and leave a solitary pulsar (Fruchter, Stinebring and Taylor 1988, Phinney 
et al. 1988, Kluzniak et al. 1988, and van den Heuvel and van Paradijs, 1988). 
If the above scenario is adopted for the origin of the low-mass binary pulsars , 
then we can derive very little information about the origin of the pulsar velocities 
from them. 
The model for the evolution of the millisecond pulsars attempts a much 
deeper understanding of the evolution of the progenitor systems than the stan-
dard model, which largely ignores the progenitor population. As a result, the 
parameters derived for the general population from the standard model are de-
pendent on this assumption. The millisecond pulsars have shown us that binary 
membership can affect the evolution of a radio pulsar very dramatically, and 
have forced us to refine the standard model. It may well be that prior binary 
membership also affects, albeit to a lesser extent, a significant proportion of the 
pulsars we regularly refer to as the general population. It is with this in mind 
that we investigate the radio pulsars with known proper motions in order to try 
to determine the origin of their velocities. 
1.5 Related Problems. 
When comparing the kinetic and characteristic ages of pulsars in order to 
advance our understanding of field decay, we must be cautious of the assumptions 
we make about the birth properties of radio pulsars. A current controversy is 
. 
related to the initial spin periods of pulsars. Vivekanand and Narayan (1981) 
showed that if one attempts to model the general population from birth there are 
insufficient short-period pulsars to become long-period pulsars. They argued that 
a significant number of pulsars must be injected into the general population with 
intermediate spin periods in order to account for the observed population, and 
referred to this problem as "injection". Recently, Narayan (1987) has confirmed 
the need for injection with a more detailed model. The attractiveness of his 
method li~s in the fact that it is fairly model-independent and assumes nothing 
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about the field decay timescale. However, when modelling the pulsar population, 
Lyne, Manchester and Taylor (1985), and Stollman (1987) have found no need to 
invoke injection in order to fit the observed pulsar population. 
Recently, Lyne and Manchester (1988) have argued that pulsar beams align 
with the spin axis on a timescale of ""107 years. The fraction of the solid angle 
toward which a pulsar is beamed is therefore reduced as the pulsar ages. This 
affects lifetime and birthrate estimates. Narayan (1987) has also argued for the 
evolution of pulsar beams throughout their lifetime, arguing that the shape of a 
pulsar beam evolves slowly with time, and that short-period pulsars have larger 
beamwidths than long-period pulsars. The problem of injection is compounded 
if the beaming fraction decreases with time. 
If pulsars are injected into the interstellar medium with long periods, their 
characteristic ages of pulsars will be overestimates of their true ages. As the 
comparison of the kinetic age with characteristic age is a standard method of 
inferring field decay, injection complicates this issue. In later chapters we will 
look at the related problems of field decay and injection and their relation to the 
origin of pulsar velocities. 
1.6 Thesis Outline. 
The remainder of this thesis is as follows: Chapters 2, 3 and 4 are concerned 
with the theory, observations and results of a pulsar proper motion survey we 
conducted from September 1986 until November 1988. The remaining chapters 
are mainly concerned with the origin and distribution of pulsar velocities, field 
decay and injection. 
In chapter 2 we describe the operation and theory of a basic two-element 
radio interferometer such as the Parkes-Tidbinbilla interferometer used in our 
proper motion survey. Then in chapter 3 we outline the methods used to deter-
mine our observational sample and present a list of all of the pulsars we observed. 
The results of our observations are presented in chapter 4. Firstly, we outline our 
data reduction procedure and demonstrate thart the proper motion between two of 
our reference sources is consistent with a null result. We then present the trigono-
metric parallax and proper motion of PSR 1451-68, and the proper motion of the 
Vela pulsar and its consequences for the pulsar-SNR association. 
In Chapter 5 a new model for the evolution of massive binaries and the origin 
of pulsar velocities is presented based on the observed correlation between the 
velocity and magnetic moment of pulsars. Chapter 6 discusses the consequences 
of our data, and the newly-discovered binary pulsar PSR 1820-11 for the models 
presented in chapter 5. We find that we can paint a self-consistent picture of 
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pulsar evolution in which pulsars are accelerated by asymmetric explosions, have 
magnetic fields which only decay as a result of mass accretion, and init ial spin 
periods of a few tens of milliseconds if a reasonable fraction descend from m assive 
binaries. In chapter 7 we demonstrate that limits on the precession of the spin 
axis of PSR 1913+16 do not prohibit the occurrence of an asymmetric explosion 
in the progenitor system. Finally, in chapter 8, we draw our conclusions and 
make suggestions for further work. 
23 
Chapter 2: Pulsar Interferometry. 
2.1 Introduction. 
A basic two-element radio interferometer consists of two radiotelescopes con-
nected by a suitable data transmission link. A radio interferometer is somewhat 
analogous to an optical double-slit experiment. Both antennas observe the same 
source over a given frequency band and the two signals are brought together and 
correlated. The minimum "fringe spacing" which reflects the maximum resolu-
tion of the interferometer is l'V>.../ B where >... is the wavelength of radiation, and 
B is the separation of the two antennas, or the baseline. The three dimensional 
vector representing the position of one antenna with respect to the other is of-
ten referred to as the baseline vector. With baselines of l'V 100 km and operating 
frequencies of l'Vl GHz radio interferometers are capable of very high resolution. 
To compute the relative position of two sources with a radio interferometer one 
subtracts the interferometric phase of one source from the other. The differen-
tial phase contains information about the source separation which, over several 
epochs, ultimately leads to a determination of the proper motion between two 
sources. 
To date, the most significant pulsar prop.er motion experiment was that of 
Lyne, Anderson and Salter (1982) in which they determined the proper motions 
of 26 radio pulsars. They used a two-element interferometer operating at 408 
Mhz consisting of a 76 m and a 25 m antenna with a baseline of 127 km. The 
proper motion of each pulsar was measured with respect to one or more refer-
ence sources which were assumed to be extragalactic. Typical errors on their 
measurements were l'V7 mas yr- 1 in each of two orthogonal coordinates. These 
very accurate results were achieved, in part, because the pulsar and the reference 
source were able to be observed in the same primary beam. This is important, 
as there are several systematic and instrumental effects which affect the phase. 
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Since the pulsar and reference are in the same beam, most of these spurious 
additions to the phase apply equally to both the pulsar and the reference, and 
after phase subtraction are eliminated. Also, if the two sources are within one 
primary beamwidth, the differential ionospheric path lengths are kept to a mini-
mum. Thus, the relative positions of the pulsar and reference can be determined 
to a high degree of accuracy. 
2.2 Basic Theory. 
It is easiest to understand the operation of an interferometer by consider-
ing its response to a point source. In Figure 2.1 a simplistic view of a radio 
interferometer is presented. 
to source 
B cos() 
----- B -----+ 
Low-pass filter 
Figure 2.1 A simplistic view of a two-element radio interferometer. 
Radiation from a distant point source is received by the two antennae at differ-
ent times. The geometric delay, T between the arrival of the wavefront at each 
antenna is given by 
B 
T = - COS () ( 2 .1) 
C 
where Bis the baseline, c the velocity of light and() the angle between the baseline 
vector and the source. The angle () changes as the Earth rotates and is thus a 
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function of time. If V1 and V2 represent the signals received by antennas 1 and 2 
respectively, then it follows that 
V1 ex E cos(wt) (2.2) 
and 
B 
V2 ex E cos(wt - - cos B(t)) (2.3) 
C 
where E is the electric field generated by the source in the receiver and w is the 
angular frequency of the incoming radiation. After multiplying the two signals 
together and rejecting the high frequency component the resultant output, V12, 
of the interferometer is given by 
21rB 
V12 ex E 2 cos( ,,\ cos B(t)) (2.4) 
where .A is the wavelength of the radiation received. It is convenient to rewrite 
f cos B(t) as B · s(t) where B is the vector between the antennae in units of the 
wavelength ands is a unit vector in the direction of the source. Since the source 
strength S is proportional to E 2 , the output voltage can be written as follows 
V12 ex Scos(21rB · s) (2.5) 
Now V12 represents the output voltage of the interferometer in terms of the base-
line vector and the direction of the source. The phase of this voltage <I>, referred 
to as the interferometric phase is given by 
<I> = 21r B · s (2.6) 
It is this phase which yields accurate information on the relative geometry of the 
source and baseline vectors. 
When observing over a finite bandwidth ~w , decorrelation will occur if the 
differential delay at the multiplier is greater than the inverse bandwidth. In order 
to use a large bandwidth it is necessary to introduce a delay of rvr into one or 
other of the data paths en route to the multiplier. For reasonable bandwidths , 
this makes the interferometer only sensitive to a small strip of the sky, much less 
than the primary beam. In order to overcome this limitation, one observes over 
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a series of delay channels, suitably spaced to ensure that any source within the 
primary beam of the telescope is within 1/(2..6.w) of at least one delay channel. 
As the Earth rotates, a source drifts through the delay channels. There 
is a fixed point on the sky referred to as the phase centre. The delay is usually 
incremented in finite steps of rvl/ ..6.w in order to assure that a hypothetical source 
at the phase centre remains within 1/(2..6.w) of the central delay channel. These 
increments in delay cause a step in the otherwise smoothly varying phase. To 
overcome this, one can rotate the incoming phase by using a phase rotater. The 
phase rotation tries to ensure that the phase of a hypothetical source at the phase 
centre is kept constant. The fringe rate at which the phase rotator is driven, v f 
is given by 
VJ= cos 8[By cos h - Bx sin h] (2.7) 
and is the derivative of the geometrical delay given below 
r = Bx cos 8 cos h + By cos 8 sin h + B z sin 8 (2.8). 
It is impossible to predict the phase with absolute precision, even if one knows 
the position of the source to a very high degree of accuracy. This is because 
the pathlength through the atmosphere varies from observation to observation 
in an unpredictable manner which affects the geometric delay, and hence the 
phase. Furthermore, the frequency standard with which one rotates the phase 
is imperfect, and over long periods one cannot guarantee that the phase has not 
drifted. The time it takes for the phase to drift by one radian is ref erred to as 
the coherence time. 
Because of the random difference in the geometric delay between observa-
tions, interferometers generally cannot determine the absolute position of a source 
to better than a few tens of arcseconds. A small change in the free electron den-
sity in the ionosphere can influence the geome_tric delay, and hence the phase, by 
several turns. However, for two sources close together in the sky, these changes 
are generally well correlated. Upon subtracting the phase of one source from the 
other, the relative phase is practically unchanged. Therefore the relative phases 
of the two sources can be determined to a high degree of accuracy. Since the 
realtive phase gives information about the source separation, this is very useful 
in determining proper motions. 
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2.3 Phase Referencing Techniques. 
Phase referencing is the technique of using one source to track the unpre-
dictable "wanders" in phase which arise from imperfect clocks and variable iono-
spheric path lengths. It has two purposes: Firstly, it can be used to overcome 
limits on sensitivity normally set by the coherence time of the instrument. Sec-
ondly, it can be used to determine the relative phase of two sources in the same 
primary beam thus yielding accurate positional information. 
If two sources are observed in the same primary beam, and one of these 
has sufficient strength to be able to clearly track the phase, then it is a suitable 
reference. Not surprisingly, the stronger the reference source, the easier it is to 
track the phase. 
The phase is contaminated by random noise. In order to determine the phase 
with confidence we would like the signal to noise ratio to be at least 5. The r.m.s. 
sensitivity of a radio interferometer is given by (Fomalont and Wright 1974) 
(2.9) 
where k is Boltzman's constant, Ai and Tsysi are the apertures and system tem-
peratures of the ith antennas respectively, T/ the efficiency, !:l.w the bandwidth 
and t is the integration time. One can only integrate for as long as the coherence 
time permits, before there is a substantial loss in sensitivity. In order to be a 
good reference, one needs to be able to determine the phase accurately, preferably 
several times per coherence time. Any error in the determination of the phase 
of the reference will increase the error in the relative phase. A good reference 
would have a signal to noise ratio of the order 10 in a tenth of a coherence t ime, 
or about 10 x y'10 rv 30 in a coherence time. A marginal reference would have a 
signal to noise ratio of rv5 in about a fifth of a coherence time. 
2.4 Fringe Frequency - ])elay Maps. 
A useful tool when searching for references sources is the fringe frequency 
delay (FFD) map (Peckham 1973). Any given source in the primary beam of 
the interferometer has its own unique location in the FFD map determined by 
its delay and fringe frequency with respect to that of the phase centre. By 
differentiating equations 2. 7 and 2.8 it is possible to calculate the offsets in RA 
and Dec from the assumed phase centre given the differential fringe frequency 
and delay. 
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In order to make an FFD map one takes a time series of real cross correlation 
functions (XCF's) and performs the Hilbert transform on each before taking 
the Fourier transform along individual delay channels. The Hilbert transform is 
implemented by Fourier transforming the real XCF's to obtain a spectrum, then 
removing the negative frequencies before Fourier transforming back into the time 
domain. In this manner the phase information is restored so that when we take the 
Fourier transform along individual delay channels to obtain the fringe frequency 
we do not get two peaks, as one would if one took the Fourier transform ·of a real 
function. The power of an individual source is usually spread along several delay 
channels, and so to obtain the maximum signal to noise ratio one convolves the 
FFD map with the conjugate of the response to an ideal source. An example of 
an FFD map is shown in Figure 3.5. 
There is a limit to how long one can integrate for before the signal to noise 
ratio of a source in the FFD map is degraded. This is because the offsets in delay 
and fringe frequency are a function of hour angle. Over a 24 hour period a source 
offset from the phase centre will trace out a pseudo-elliptical path in the FFD 
map. As a result the power of the source becomes spread over several delay and 
fringe frequency channels. 
In summary, in order to obtain the maximum sensitivity when searching for 
references on an FFD map one should: 
(A) Use the pulsar as a phase reference (if possible). 
(B) Change the phase centre to the approximate position of any potential refer-
ences. 
(C) Convolve the FFD map with the conjugate of an ideal response. 
2.5 Determining Pulsar Proper Motions. 
In order to measure pulsar proper motions with an interferometer, one has 
to find a suitable reference within about a primary beam of the pulsar. If the 
pulsar is strong enough to act as a reference, then the reference source need only 
be > 5a in an hour, in order to determine the proper motion. However, if the 
pulsar is weak, then a reference strong enough to accurately track the phase is 
required. Therefore it is much easier to find references for strong pulsars than it 
is for weak pulsars. Once a reference has been found, the pulsar and reference 
are observed simultaneously over a wide range of hour angles and several epochs, 
spanning a long time baseline. As the reference may be partially resolved, it is 
important to observe at the same hour angles at each epoch. Subtraction of the 
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relative phase of the original epoch from subsequent epochs effectively removes 
source structure and leads to more accurate proper motions. 
The technique used in order to determine the relative phase, is to assume a 
position for each of the sources, and in software recompute the delay, so as to try 
to "stop the fringes" of each source. The positions used never completely flatten 
the phase, as clock errors and changes in the atmospheric path length cause the 
phases of both sources to drift slowly. Nevertheless, if the reference is a good 
one, the trend of phase with time is clearly discernable. After subtracting the 
reference phase from that of the weaker source ( usually the pulsar), the clock and 
atmospheric errors are removed, and one can determine the phase of the weaker 
source with respect to the reference, over, if necessary, a long integration time. 
The offsets between the assumed positions and the actual positions are given 
by the differential phase. The baseline vector B can be represented by a 3-
component vector Bx, By, B z where the directions x, y and z are toward 8 = 
0° h = Oh, 8 = 0° h = 6h, and 8 = 90° respectively. As seen from the source, the 
projected baseline has two components on referred to as u and v. The u and v 
components point due East and North respectively. The position offsets relative 
to the assumed position are given by 
<I>( u, v) = u cos 8~a + v~8 (2.10) 
and u and v are related to the hour angle of the source and the components of 
the baseline as follows: 
u = Bx sin h - By cos h (2.11) 
v = - Bx sin 8 cos h - By sin 8 sin h + B z cos 8 (2.12) 
It can be shown that Eq 2.12 can be rewritten as 
<I> = A cos h + B sin h + C (2.13) 
where A, B and C are constants and is therefore a sinusoid of 24-hour period. 
By fitting a 3-parameter sine curve to the differential phase, one can determine 
the position offsets, ~a, ~8, from the assumed positions. 
A good u-v coverage is helpful in the determination of pulsar proper motions. 
Theoretically, a proper motion can be deterrnined with just two "cuts" a t differen t 
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hour angles. It is advantageous for these cuts to be at right angles in the u-v 
plane. In practice, a wider u-v coverage is helpful in sorting out phase ambiguities 
and generally increases the accuracy of the pulsar proper motions. 
In some cases, no suitable reference can be found within a primary beam of 
the pulsar. If a very strong source was present within rv 1.5 beamwidths it may 
still be possible to use phase referencing. However, for any source much further 
than this, it becomes impossible. Rather than give up on such pulsars, one can 
use "beam-switching", a technique frequently employed in Very Long Baseline 
Interferometry (VLBI). When beam-switching, one observes the two sources of 
interest alternately, changing the phase centre to the approximate positions of 
each source. One then interpolates the phase of the stronger source before phase 
subtraction. 
Beam-switching has several disadvantages over phase-referencing. Firstly, 
one can only observe one source at a time, and thus there is a loss in sensitivity. 
Secondly, one must individually compute the phase for each source, which leads to 
larger systematic errors. Thirdly, the interpolation of the phase of the reference 
between switches is not as accurate as actually tracking the phase. Finally, as the 
sources are further apart, changes in the ionospheric path length are less likely 
to be correlated. Nevertheless, for strong sources this method can be employed 
when close references are not available. 
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Chapter 3: 
The Observational Sample. 
3.1 Introduction. 
Of the 26 radio pulsars with known proper motions (Lyne, Anderson and 
Salter 1982), all have been measured from the Northern hemisphere. The lack 
of a suitable instrument has meant that no corresponding survey has ever taken 
place in the South. The installation of a microwave link between the Parkes 64 m 
antenna and the Tidbinbilla tracking station has led to the construction of the 
Parkes-Tidbinbilla Interferometer (PTI). In September 1986 we began a program 
to determine the proper motions of as many Southern hemisphere pulsars as 
possible using the PTI. 
In order to determine the proper motion of a pulsar using a radio inter-
ferometer, one must find a bright, unresolved reference source within about a 
primary beam of the pulsar. One then observes the pulsar and reference simulta-
neously over several epochs. The instrument determines over what area suitable 
references may be found, the strengths of the pulsar and reference required to 
determine a proper motion, and the uv coverage possible. 
In this chapter we describe the PTI, the methods used to determine the 
sample, and present the final candidate list. 
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3.2 The Parkes-Tidbinbilla Interferometer. 
3.2.1 The Hardware. 
The Parkes-Tidbinbilla Interferometer is a real-time radio interferometer of 
baseline 275 km which comprises the Parkes 64 m antenna and one of several 
Tidbinbilla antennas. The most suitable antenna at Tidbinbilla for measuring 
pulsar proper motions is DSS43 which has the largest diameter (70 m) and also 
has the lowest operating frequency of 1.6 GHz. With a bandwidth of 10 MHz 
and system temperatures of rv 40 K the instrument has a r.m.s. sensitivity of 
rv3 mJy in 5 minutes. The minimum fringe spacing is 135 milli-arcseconds and 
the instrument is located at a latitude of about -35°. At 1.6 GHz the primary 
beam width is 12'. 
A simplified block diagram of the instrument is given in Figure (3.1 ). The 
incoming signal at Tidbinbilla is down-converted to an intermediate frequency 
before being broken up into two 5 MHz bands. These two 5 MHz bands are then 
transmitted to Parkes via a microwave link. Upon arrival at Parkes the signal is 
then mixed with a local oscillator (in this case a Rockland Synthesizer) to ensure 
that the phase rate is not too high before correlation. The coherence time of the 
instrument is determined by the stability of the local oscillators, and at 1.6 GHz 
it is about 15 minutes. 
The signal from Parkes is down-converted to two base bands by a standard 
down-converter and the correlator-frequency chain. These are both locked to the 
rubidium standard. A software-controlled delay unit inserts a delay into the path 
of the signal from the Parkes end to ensure that the significant part of the cross-
correlation function is wholly contained within the delay range of the correlator. 
Al though the cross-correlation function is allowed to drift through the channels 
on-line software calculates the position of the zero-delay fringe and records the 
surrounding 256 channels. The delay resolution is still limited to one channel, and 
as a result there is some fine-tuning applied to the cross-correlation functions by 
Fourier transforming them into the frequency domain and then applying a phase 
gradient across the band. Some correction is then made for second order effects 
before the central 64 channels of each of the two complex spectra are output to 
disk every two seconds for later processing. 
3.2.2 System Peculiarities. 
A VAX 750 controls most of the hardware and is also responsible for the 
recording of the data onto magnetic disk. Unfortunately, the VAX is stretched to 
the limit, and occasionally cannot perform all of the required tasks within a two-
second integration period. This causes the entire system to halt temporarily, and 
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Figure 3.1. Block diagram of the Parkes-Tidbinbilla Interferometer in a stan-
dard configuration using two bands, each of 5 MHz Bandwidth , a t a central 
frequency of 1665.5 MHz. Numbers on the diagram are in MHz. (Figure 1. from 
Norris et al. (1988)). The circles represent mixers . 
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coherence is not maintained. Fortunately, this is not important for our purposes 
if there is a strong source present in the beam which can be used to track the 
phase over such calamities. However, when the reference is weak, or when beam-
switching, such errors can make tracking the phase impossible. 
The frequency of these errors varied from session to session, and by adjusting 
the priority of tasks on the VAX, and restricting the number of users, were reduced 
to a tolerable level of about 1-2 per hour. This was comparable to the coherence 
time of the instrument. 
It is necessary to be able to determine UTl very accurately when determining 
proper motions. An error in UTl of a few tens of milliseconds introduces an 
error in the orientation of the baseline large enough to displace the source by a 
similar amount to that expected from the proper motion. To determine UTl, the 
PTI measures the difference between the VAX clock and a very accurate time 
standard at the beginning of each observation and then uses the VAX clock for 
the remainder of the observation. Unfortunately, the VAX clock is only a simple 
crystal oscillator which does not keep very good time. By plotting the VAX clock 
error vs time we established that the VAX clock runs slow by about 3 ms/min. 
As some of our observations went for ""'6 hours, over the course of the observation 
this lead to an error in UTl of ""'100 ms. 
For each session it was necessary to plot out the VAX clock error vs time to 
determine the drift rate for each session. In post-observational analyses this drift 
rate was used to correct the time used by the VAX. 
3.3 Suitable Southern Hemisphere Pulsars. 
For what pulsars can we reasonably expect to measure a proper motion? 
Firstly, the pulsar must be strong enough to detect with the PTI. Secondly, there 
must be a suitable reference source present relative to which we can measure the 
proper motion. Thirdly, the displacement of the pulsar ,vithin the timescale of 
the experiment must be greater than the measurement errors, or the limit on the 
proper motion be such that some meaningful limit can be placed on the transverse 
velocity of the pulsar. Finally, it is essential that a good uv coverage is obtained 
to ensure a proper motion can be measured in two orthogonal coordinates. 
3.3.1 uv coverage. 
The approximate location of the PTI at latitude -35° and the elevation limit 
on the Parkes 64 m antenna (30°), limit the declination range of any observable 
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pulsars to < +25°. The maximum uv coverage attainable with the PTI at various 
declinations is given in Figure (3.2). 
As a good uv coverage is required to accurately determine proper motions , 
the limited uv coverage attainable with the PTI of any source above the equator 
restricts the sample to pulsars with Southern declinations. 
3.3.2 Displacement. 
In general, we expect nearby pulsars to have larger proper motions than 
distant pulsars, although for old pulsars it may be the case that only the low-
velocity ones are still close enough to the galactic plane to be observed. A useful 
relation to work out the expected proper motion of any given pulsar is provided 
in Equation (3.1) below 
Vr kpc 
µ = ( _1 )(-D ) x 21 mas yr-1 (3.1) lOOkms 
whereµ is the proper motion of the pulsar, Vr is the transverse velocity and D is 
the distance to the pulsar. Typical transverse velocities of pulsars are ""150 km 
s- 1 and many of the southern hemisphere radio pulsars are well within 3 kpc. 
Therefore, in the course of our experiment (a two year period), a typical pulsar 
will traverse a few tens of milli-arcseconds. 
3.3.3 Positional Accuracy. 
The flux of a radio pulsar and its reference at 1.6 GHz determines the accu-
racy with which we can determine the proper motion. The accuracy to which the 
PTI can determine the relative position of any two sources is determined by the 
error in their relative phase and the instantaneous resolution of the interferome-
ter. If the signal to noise ratio is s, then the error in the relative displacement of 
the two sources ~S in the direction of the projected baseline is given by 
~s "" .x 
sJu 2 + v2 (3.2) 
where ,,\ is the wavelength of radiation used and u and v are the components of 
the projected baseline. In an hour the r.m.s. sensitivity of the PTI is < 1 mJy if 
one can use a strong source to phase reference. There are many southern radio 
pulsars with fluxes > > lmJy. If a signal-to-noise ratio of 10 can be acheived for 
these in about an hour, the corresponding error in the relative position of the 
pulsar and reference is only "" 10 mas. For strong pulsars it is possible to achieve 
much higher accuracy. 
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Figure 3.2. The maximum possible uv coverage at various declinations for the 
Parkes-Tidbinbilla Interferometer. 
37 
The 1.4 GHz flux of all pulsars with declinations < 0°, estimated distances 
of less than 7 kpc and 1.4 GHz flux densities greater than 3 mJy are shown on 
Figure 3.3. For many of the pulsars on the Figure, the 1.4 GHz fluxes are merely 
estimates based on their flux at 408 MHz, and an assumed spectral index of -1.5. 
The distances are estimates of the true distance, derived from the dispersion 
measure according to the model of Lyne, Manchester and Taylor (1985) and are 
probably good to a factor of two. 
Changes in the line of sight to the pulsar and the inhomogeneous interstellar 
medium cause the fluxes of radio pulsars to vary with time in an unpredictable 
manner (Manchester and Taylor 1977). The fluxes of radio pulsars can change 
by an order of magnitude over timescales of hours due to scintillation. Thus the 
fluxes presented in Figure 3.3 can only be viewed as a guide to the flux one can 
expect to measure at any given epoch and should be treated with some caution. 
Nearby pulsars tend to scintillate on longer timescales than distant pulsars. This 
is unfortunate, as it means that the radio flux of nearby pulsars are unreliable, 
and can increase or decrease by an order of magnitude between observations. 
Whilst the flux of a pulsar determines the positional accuracy we can obtain 
from our measurements, the proper motion is determined by the transverse ve-
locity divided by the distance. In choosing our candidates we took the pulsars in 
Figure 3.3 and divided them up into three groups. For each pulsar we calculated 
the minimum time per epoch of observation to determine the proper motion to 
an accuracy of 20 % assuming the pulsar had a transverse velocity of 150 km 
s- 1 . The pulsars were then divided up into 3 groups based on these times and 
their distance. Priority 1 sources only required < 10 minutes at each of two hour 
angles to determine their proper motions. Priority 2 sources required less than 
100 minutes or had distances less than 1 kpc. All other pulsars with an estimated 
flux of> 3 mJy and distances less than 7 kpc were considered Priority 3 sources. 
Theoretically, Priority 3 sources were too weak and/or too distant to have 
their proper motions determined within the timescale of our experiment. How-
ever, the uncertainty in their fluxes and distances were such that it may be pos-
sible. The limited amount of observing time available for searching for reference 
sources meant that it was impossible to observe all of the candidates, and so we 
concentrated on the Priority 1 and 2 sources. The number of Priority 1, 2 and 3 
sources was 15, 21 and 46 respectively. 
3.3.4 References. 
One very important criterion for each of the candidate pulsars to fill was the 
presence of a reference source within a primary beam of the pulsar. The reference 
source had to be unresolved, extragalactic, and with preferably a large flux to 
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Figure 3.3. The 1.4 GHz flux of all pulsars with declinations < 0°, estimated 
distances of less than 7 kpc and estimated 1.4 GHz flux densities greater than 3 
mJy. The closer a pulsar is to the bottom right-hand corner of the diagram, the 
easier it is to measure its transverse velocity. 
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Table 3.1: Priority 1 Sources. 
Pulsar 1.4 GHz Flux Distance Molonglo PTI Reference 
Name (mJy) (kpc) Map Grid 
PSR0031-07 10 0.39 No Yes No 
PSR0450-18 47 1.56 No Yes Yes 
PSR0538-75 12 0.65 Yes Yes No 
PSR0818-41 10 0.66 Yes Yes No 
PSR0833-45 1100 0.50 Yes Yes No 
PSR1451-68 80 0.23 Yes Yes Yes 
PSR1530-53 10 0.65 Yes Yes Yes 
PSR1604-00 7 0.36 No No ? 
PSR1642-03 30 1.29 No No ? 
PSRl 706-16 20 0.81 Yes No* ? 
PSRl 747-46 10 0.66 Yes Yes Yes (2) 
PSRl 749-28 16 1.00 Yes Yes No 
PSR1822-09 9 0.56 No Yes No 
PSR2045-16 9 0.38 Yes Yes No 
* One PTI observation on pulsar position only. 
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Table 3.2: Priority 2 Sources. 
Pulsar 1.4 GHz Flux Distance Molonglo PTI Reference 
Name (mJy) (kpc) Map Grid 
PSR0148-06 5 1.04 No Yes No 
PSR0149-16 3 0.44 Yes Yes No 
PSR0254-53 3 0.59 Yes Yes No 
PSR0628-28 13 1.25 Yes Yes No 
PSR0736-40 80 2.50 Yes Yes No 
PSR0740-28 25 1.50 Yes Yes Yes 
PSR0818-13 13 1.48 No Yes No 
PSR0835-41 25 2.40 Yes Yes No 
PSR0905-51 5 0.86 Yes Yes No 
PSR0942-13 4 0.42 No Yes No 
PSR1055-52 12 0.92 Yes No No 
PSR1449-64 16 2.24 Yes Yes Yes 
PSR1540-06 8 0.66 No No ? 
PSR1556-44 16 1.90 Yes No* No 
PSR1601-52 5 0.80 Yes No No 
PSR1641-45 310 5.30 Yes Yes No 
PSRl 702-19 4 0.74 Yes Yes No 
PSR1818-04 12 1.5 No No ? 
PSR1831-04 12 2.17 No Yes No 
PSR1857-26 10 1.30 Yes Yes No 
PSR2048-72 4 0.64 Yes Yes No 
* One PTI observation on pulsar position only. 
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Table 3.3: Priority 3 Sources. 
Pulsar 1.4 GHz Flux Distance Molonglo PTI Reference 
Name (mJy) (kpc) Map Grid 
PSR0743-53 4 2.44 Yes Yes No 
PSR0818-47 7 6.65 No No ? 
PSR0923-58 3 1.03 Yes No No 
PSR0940-55 6 4.89 Yes Yes No 
PSR0953-52 4 3.46 Yes No No 
PSR1039-19 3 1.37 Yes No No 
PSR1054-62 7 6.00 No Yes No 
PSR1114-41 4 1.51 Yes * No 
PSR1133-55 4 2.95 Yes No No 
PSR1154-62 10 7.00 No Yes No 
PSR1159-58 4 5.02 Yes No No 
PSR1221-63 10 2.72 Yes No No 
PSR1358-63 5 2.88 Yes No No 
PSR1424-55 5 2.67 Yes * No 
PSR1426-66 6 2.11 Yes Yes Yes 
PSR1436-63 3 3.99 Yes No No 
PSR1541-52 4 0.91 Yes No No 
PSR1556-57 3 5.70 Yes No No 
PSR1558-50 6 2.50 Yes No No 
PSR1600-27 3 1.60 Yes No No 
PSR1600-49 7 4.24 Yes Yes Yes 
PSR1641-68 4 1.51 Yes No No 
PSR1647-52 4 5.82 No No ? 
PSR1659-60 4 1.87 Yes No No 
* Incomplete PTI grid. 
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Table 3.4: Priority 3 Sources ( cont'd). 
Pulsar 1.4 GHz Flux Distance Molonglo PTI Reference 
Name (mJy) (kpc) Map Grid 
PSR1659-60 4 1.87 Yes No No 
PSRl 700-32 6 3.42 Yes No No 
PSRl 717-29 3 1.16 Yes No No 
PSRl 718-02 4 2.30 No No ? 
PSRl 718-32 7 3.74 Yes No No 
PSRl 719-37 4 2.47 No No ? 
PSRl 727-47 12 4.10 Yes * No 
PSRl 730-22 3 1.38 Yes Yes Yes 
PSRl 737-39 5 5.06 No No ? 
PSRl 738-08 6 2.58 No No ? 
PSRl 742-30 8 2.22 Yes Yes No 
PSRl 756-22 4 4.46 No No ? 
PSR1804-08 8 3.71 No * No 
PSR1813-26 5 4.19 Yes Yes No 
PSR1813-36 3 3.22 No No No 
PSR1819-22 4 3.98 No No ? 
PSR1821-19 8 6.80 No No ? 
PSR1826-17 8 6.57 Yes No No 
PSR1844-04 15 3.74 No Yes No 
PSR1845-0l 10 3.78 No Yes No 
PSR1846-06 4 4.60 No No ? 
PSR1900-06 3 6.24 No No ? 
PSR1907-03 5 6.76 No No ? 
PSR1911-04 4 3.73 No Yes No 
* Incomplete PTI grid. 
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enable us to accurately track the phase in the cases where the pulsar was not 
strong enough. As discussed in Chapter 2.2, a marginal reference source has a 
signal-to-noise ratio of about 5v1§" l"V 10 in a coherence time, or about 30 mJy 
at 1.6 GHz. The density of extragalactic reference sources at 1.6 GHz can be 
estimated from the following relations given by Fomalont (1972) 
For S > S 0 N == N 0s-1.5 rad-1 (3.3) 
where N is the number density of sources with an expected flux density greater 
than S where S is the flux density in Jy. At 1.4 GHz N 0 == 150, N 1 == 416 
and S0 = 1.3 Jy. At higher frequencies the source counts are assumed to scale 
as v-0 ·7 where v is the frequency of radiation. The number of pulsars which 
themselves fulfill the marginal reference criterion is only 7, although there are 
a number of others which may be suitable, depending on the reliability of the 
fluxes in the catalogue. In theory, for strong pulsars, a reference source with a 
strength of only a few mJy would be sufficient to determine a proper motion. For 
the remaining pulsars a reference of > 30 mJ y is required. 
The number density of unresolved reference sources with a strength of> 10 
mJy and > 30 mJy is l"V0.2 and l"V0.06 per primary beam respectively. When 
a source is offset from the centre of the primary beam of the antenna by 6' its 
strength is down by a factor of two. At 12' from the beam centre the flux has 
fallen to about 10%. If we displace the beam so that the pulsar falls at the half 
power point, our effective search area for references is four primary beams. The 
number of suitable reference sources per strong pulsar is therefore quadrupled. 
\Ve expect there to be 0.8 suitable reference sources per strong pulsar and 0.24 
per weak pulsar. 
Unfortunately, about half of the potential reference sources will be resolved 
by the PTI and hence unsuitable for the purposes of measuring pulsar proper 
motions. Therefore, of the 7 strong pulsars capable of being used as phase ref-
erences, we expect only about 3 to possess suitable reference sources. For the 
remaining 29 priority 1 and 2 sources we expect about 4 to have suitable refer-
ence sources, and we expect there to be about 6 priority 3 pulsars with suitable 
reference sources. Thus the total number of pulsars of which one can determine 
the proper motions, is expected to be only l"V 7, with another 6 or so priority 
3 sources which may be measurable if their fluxes are moderately higher than 
estimated in Figure 3.3. 
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The small number of pulsars we expect to possess suitable reference sources 
is primarily a result of the high observing frequency of the PTI. The number of 
pulsars suitable for use as references could be substantially increased if a pulsar-
blanking device could be implemented into the system. By only recording the 
pulsar when the pulse is being received, one can increase the signal-to-noise ratio 
of the observations of the pulsar by 1/ fo where w is the duty cycle of the pulsar. 
A typical duty cycle is only a few percent. Therefore the increase in signal to 
noise in the observations would be rv5 for most pulsars. A pulsar-blanking device 
would increase the number of pulsars suitable for use as a phase reference and 
also the number of pulsars which are otherwise too weak to have their proper 
motions determined. It would also increase the accuracy of the pulsar proper 
motions. 
Whilst the number of pulsars of which we can expect to determine the proper 
motions is limited, there are a number of factors working in our favour for the 
proper motions we can determine. The original pulsar proper motion experiment 
of Lyne, Anderson and Salter (1982) used an observing frequency of 408 MHz 
and had a minimum fringe spacing of about an arcsecond. Random changes in 
path length due to free electrons in the ionosphere are scaled as ~ - 2 • Therefore 
these fluctuations which affect the phase are down by a factor of rv20 for the PTI. 
Furthermore, the fringe spacing of our interferometer is about / 0 of that of Lyne, 
Anderson and Salter (1982). Another factor in our favour is the constraint that 
our references lie within rv 12' of the pulsar. Whilst this has severely limited our 
sample, it also means that differential path lengths through the atmosphere are 
minimized. 
3.4 Searching for References. 
The search for references was a three stage process. Firstly, the Parkes 
Catalogue was consulted. This produced very few potential references. The next 
step was to use the Sydney University Molonglo Observatory Synthesis Telescope 
(MOST) to make 843 MHz CUTS maps of the area surrounding all pulsars with 
declinations < -15°. At greater declinations the uv coverage of the MOST is 
too limited to make reliable maps. CUTS maps differ from full synthesis maps , 
in that instead of observing the source continuously, one makes several "cuts" 
over a wide hour angle range. The maps produced are less sensitive but sufficient 
for finding references > 20 mJy. At 1.6 GHz this corresponds to a limiting flux 
density of about 15 mJy assuming a spectral index of -0.7. The CUTS maps are 
about 20' on a side, although this varies with declination. For our purposes this 
was ideal and many potential references were located in this manner. 
45 
A typical Molonglo CUTS map of the field around the pulsar PSR 1451- 68 
is shown in Figure 3.4. In this case there are two obvious potential reference 
sources. As it turned out, only one of these sources was unresolved by the PTI. 
A total of 53 Molonglo CUTS maps were made. In an attempt to find weak 
references near the field of the strong pulsars PSR 0833-45 and PSR 1641-45, 
full synthesis maps with limiting sensitivities of "'-' 1 mJy were made. For the 
Vela pulsar, (PSR 0833-45) it was necessary to gate out the pulsar to prevent 
contamination of the nearby field, as the pulsar is so strong ( "'-'2 J y at 843 MHz). 
We are grateful to J. Reynolds and M. Large for providing the Vela and PSR 
1641-45 maps and general help in obtaining the CUTS maps. 
The ultimate test of the suitability of any reference found on a Molonglo map 
was to observe it with the PTI. It was only a good reference if it was unresolved 
and possessed a good signal to noise in less than a coherence time. As the a priori 
knowledge of the location of references was, in many cases, totally unknown, we 
needed a method of finding suitable references anywhere within the primary beam 
of the interferometer. Such a method has been documented by Peckham (1973). 
It involves the use of fringe-frequency delay (FFD) maps which were described in 
chapter 2. A sample map made with the data reduction package FFD is plotted 
on Figure (3.5). 
The package FFD was able to search for the top ten peaks on an FFD map 
and give the corresponding offsets in right ascension and declination from the 
phase centre for potential reference sources. 
The final search procedure adopted for each pulsar was as foll9ws: 
Search Procedure. 
Step 1. If the declination of the pulsar was less than -16° we made a Molonglo 
CUTS map of the region. 
Step 2. We observed the pulsar with the PTI to see if it was possible to use it 
as a phase reference. 
Step 3. If the CUTS map had any obvious references on it, we observed them 
with the PTI, and made an FFD map to test if the reference was unresolved. If 
possible we used the pulsar as a phase reference. 
Step 4. If none of the potential references from the CUTS map proved suitable, 
we performed a general search of the region using the PTI. A general search 
involved looking 6' to the North, South, East and West of the pulsar position. 
This is referred to as a PTI grid in tables 3.1-4. We examined the resultant FFD 
maps for possible references using the pulsar as a phase reference, if possible. 
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the two potential references, only one proved to be unresolved on the Parkes-
Tidbinbilla baseline. 
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For the Vela pulsar and PSR 1641-45 full synthesis maps made with the 
MOST were obtained. These maps were much more sensitive than the CUTS 
maps and covered a wider field of view. Potential references were observed with 
the PTI at more than a primary beam-width from the pulsar, in order to use the 
beam-switching method of observation, possible only on these unusually bright 
pulsars. 
Tables 3.1, 3.2, 3.3 and 3.4 present a list of all the pulsars considered in 
the search program, their estimated 1.4 GHz fluxes, their distances, and whether 
they had Molonglo CUTS maps made of the region surrounding them and/ or 
whether they were looked at with the PTI. In section 3.5 a list of all the pulsars 
with references suitable for determining proper motions are presented. 
3.5 The Final Candidates. 
Below are listed all of the pulsars that were observed in the proper motion 
survey together with some general comments on the nature of the reference, 
and the variability of the pulsar. The approximate locations of the pulsar and 
reference(s) are given in table 3.5. 
PSR 0450-18 
The flux of this pulsar at 1.4 GHz was listed in our catalogue 47 mJy but 
from our observations was found to be less than 10 mJy. A weak reference was 
found for this pulsar on a CUTS map about 8' to the west of the pulsar. The flux 
of the pulsar varied significantly from observation to observation and was rarely 
strong enough to determihe its phase. 
PSR 0740-28 
A bright reference rv2' from the pulsar and good pulsar strength made this 
one of our best candidates. The reference was partially resolved, and this de-
graded what would have been an otherwise extremely accurate proper motion. 
PSR 0833-45 
Despite a full synthesis MOST map of the region, and many hours of search-
ing with the PTI, no references within 2 primary beamwidths of the pulsar could 
be found. A reference was eventually found rv40' NNW of the pulsar and beam-
switching was used to measure the relative phases of the pulsar and the reference. 
The reference appears to be unresolved. 
PSR 1426-66 
A reference was found on an FFD map. The pulsar was extremely variable 
(by a factor of "'10) from epoch to epoch, making it difficult to obtain reliable 
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phases. However, sufficient data was obtained to determine a proper motion and 
the reference appears to be unresolved. 
PSR 1449-64 
A potential reference found on a CUTS map proved to be a suitable reference 
when observed by the PTI. The pulsar flux was quite strong and the reference 
appears to be unresolved. A good proper motion was obtained for this pulsar. 
PSR 1451-68 
Of two potential references on a CUTS map, one was found to be unresolved 
approximately 6' from the pulsar. The pulsar was highly variable but of sufficient 
flux to obtain an extremely accurate proper motion and parallax. 
PSR 1530-53 
A strong source, located beyond the edge of the CUTS map, was observed 
with the PTI. Despite being 16' from the pulsar (ie 1.25 primary beam widths) it 
was possible to use this source as a reference. As it was necessary to offset the 
beam from the pulsar, the pulsar was of ten too weak to see. The reference was 
found to be weakly resolved and although we managed to obtain reliable phase 
for the pulsar on a few occasions the determination of a proper motion was not 
possible due to the structure in the reference source. 
PSR 1600-49 
The reference for PSR 1600-49 was found in a similar manner to PSR 1530-
53. The pulsar was
1 
often quite weak. An apparently self-consistent series of 
phases produced a proper motion for this pulsar. The least-squares solution is 
dependent on a very small number of points, and as such this proper motion must 
be treated with some caution. 
PSR 1730-22 
A reference source for the pulsar PSR 1730-22 was found on an FFD map 
but the pulsar was very weak. A determination of the proper motion was not 
possible for this pulsar. 
PSR 1747-46 
On the FFD map obtained for this pulsar there were two strong sources. 
Analysis revealed that the two peaks were in fact both external references. The 
pulsar was quite weak, and only showed up in a handful of observations. The 
proper motion of one reference with respect to the other was computed in exactly 
the same manner as for the pulsars to gain an insight into the effects of systematic 
errors on our proper motions. 
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Table 3.5 lists the positions used for each of the pulsars and references in 
our data analysis. Although the relative positions are extremely accurate, the 
absolute positions are probably not better than a few arcseconds. 
Table 3.5: Pulsar and Reference Positions. 
Pulsar /Reference 
RA(J2000) Dec(J2000) 
PSR0450-18 04 52 34.4000 -17 59 25.5200 
Reference 04 52 11.8013 -18 17 30.5172 
PSR0740-28 07 42 49.1806 -28 22 29.3240 
Reference 07 42 57.4941 -28 23 34.4037 
PSR0833-45 08 35 20.6590 -45 10 35.8200 
Reference 08 33 22.2470 -44 41 38.9200 
PSR1426-66 14 30 41.6000 -66 23 04.4614 
Reference 14 29 47.4000 -66 33 12.0000 
PSR1449-64 14 53 36.6565 -64 13 19.1631 
Reference 14 52 29.4000 - 64 15 10. 7000 
PSR1451-68 14 55 58.0448 - 68 43 37.5393 
Reference 14 55 19.2126 -68 39 12.1894 
PSR1530-53 15 34 09.7900 - 53 34 14.9570 
Reference 15 34 22.1000 - 53 51 09.0000 
PSR1600-49 16 04 23.1185 -49 09 44.4160 
Reference 16 03 50.8000 -49 03 52.0000 
PSR1730-22 17 33 26.1700 - 22 28 45.4500 
Reference 17 32 53.4000 -22 35 35.0000 
PSRl 747-46 17 51 33.8210 -46 54 37 .2800 
Reference 17 51 39.6673 -46 51 17.0481 
Reference 17 51 42.1920 -46 57 19.3730 
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Chapter 4: Results. 
4.1 Introduction. 
In this chapter we present the results of our proper motion observations. We 
start in section 4.2 by outlining the data reduction procedure adopted. In section 
4.3 we present the proper motion of one reference source with respect to another, 
and demonstrate that a null result is obtained. Some of our pulsar's proper 
motions are of special interest. The parallax and proper motion of PSR 1451-68 
are presented in section 4.4 as a scientific paper which has been submitted to 
Nature. In section 4.5 the proper motion of the Vela pulsar, and its implications 
for the pulsar-SNR association are presented as a paper which has been accepted 
for publication by the Astrophysical Journal. The proper motions of another 4 
pulsars are given in section 4.6 and the distribution of their velocities and general 
migration from the plane are also discussed. In section 4. 7 the birthplace of PSR 
0740-28 relative to a nearby shell of radio emission is shown, and finally, in 
section 4.8 we discuss our results. 
4.2 The Data Reduction Procedure. 
The pulsars listed in Table 3.5 with suitable references were observed at sev-
eral different epochs over a two year period. To ensure a good u-v coverage, the 
pulsars were observed at several different hour angles. Some care was taken to 
ensure that the observations were made at the same hour angles at each epoch 
in case the reference source possessed structure. After the final epoch of observa-
tions, the data for each pulsar was collated and analysed with the data reduction 
packages FFD, PTILOOK and PM. FFD was used to obtain approximate positions 
for the reference sources from fringe-frequency delay maps. The package PTILOOK 
operated on the raw data and could perform a variety of tasks, including changing 
the phasecentre used for the observations, smoothing the data, and manipulating 
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the phase by adding and subtracting turns. PM took the differential phase output 
by the package PTILOOK and fitted for parallax and proper motion. 
The data reduction procedure was as follows: 
Step 1. Choose the epoch with the most complete u-v coverage. Make an 
initial guess for the reference position by making an FFD map, and use the 
offsets in fringe frequency and delay to calculate a new position. The absolute 
position obtained for the reference in this manner is only good to a few arcseconds. 
However, this is not a problem, as we are only interested in the relative position 
of the pulsar and the reference source. 
Step 2. Use the position offsets gained in step 1 to recompute the phase of the 
reference using PTILOOK by assuming the new phase centre. 
Step 3. Perform a running mean on the phase over "'"'1 minute interval and store 
this to be used for subsequent phase referencing. 
Step 4. Make an ini tial guess for the pulsar position and recompute the phase 
of the pulsar, assuming this position for the phase centre. 
Step· 5. Subtract the reference phase from that of the pulsar to find the relative 
phase. Store the phase of each observation subsequent processing. 
Step 6. Once all the data for a particular epoch has been processed in the above 
n1anner, add and subtract turns to each of the phase segments until they resemble 
parts of the same 24-hour sine curve. Fit a 24-hour period sine curve to the data 
and obtain a refined position for the pulsar from the offsets. Go back to step 4 
and repeat the process until no phase ambiguities remain and the amplitude of 
the fitted sine curve is less than a turn. 
Step 7. Now that a good position is available for one epoch, use the derived 
posit ions for the pulsar and the reference to analyse the rest of the data. 
Step 8. Use the reduction package PM to perform a global fit to the phase and 
obtain a proper motion. 
Special Cases. 
In the cases where the pulsar was very weak it was necessary to take Fourier 
transforms of the differential phase during stage 5 and to use the phase rates to 
get the original position offsets. 
For the Vela pulsar, where no reference could be found within a primary 
beam, it was necessary to beam-switch the antennas. As a result it was necessary 
to interpolate the phase when the antenna was off-source before phase referencing. 
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The data reduction package PM performs a global fit to the phase output by 
the package PTILOOK using the least-squares procedure. Another version of PM 
can also fit for trigonometric parallax. The data package PM estimates the errors 
from the fit but may produce erroneous results if there are sources of systematic 
error in the data. Measurement of the relative proper motion of one reference 
source with respect to another provided a check on the presence of such systematic 
errors. 
4.3 QSO Null Result. 
The field containing the pulsar PSRl 747-46 contained two reference sources. 
In order to gain an estimate of the influence of systematic errors on our proper 
motions, we followed the data reduction procedure outlined in section 4.2 for the 
two references in the field of PSRl 747-46. If systematic errors were making a 
substantial contribution to the proper motions we determined, then the relative 
proper motion of the references should have reflected this. 
The differential phase for each of the epochs is shown in Figure 4.1. The 
best fitting proper motion solution is µ 0 = 0.1 ± 0.8 mas yr-1 and µ 0 = 0.4 ± 0.6 
mas yr- 1 . Here the quoted errors are the 1-o- errors from the fit. The result 
is consistent (within errors) with zero proper motion between the two sources. 
The two sources were not particularly brighter or closer together than many of 
our pulsar-reference pairs. Hence, for most of our pulsar-QSO pairs, we expect 
that systematic errors are not contributing to our derived proper motions by more 
than about one mas yr-1 . A possible exception to this is the Vela pulsar. For this 
object, the source separation is an order of magnitude greater than the reference 
pair. Therefore, we suggest that the systematic errors on our determination of the 
Vela pulsar's proper motion may be larger. When presenting our proper motions, 
we have doubled the errors obtained from the fit. 
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Figure 4.1. The interferometric phase vs hour angle at various epochs for the 
QSO's in the field of the pulsar PSR 1747-46 along with the predicted phase 
at each epoch from the best-fitting proper motion solution. The proper motion 
between the sources is 0.5±1.0 mas yr- 1 . This result is consistent (within errors) 
of the expected absence of proper motion. This indicates that systematic errors 
are probably not contributing to our proper motions by more than about 1 mas 
yr-1. 
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4.4 The Parallax and Proper Motion of 
PSR 1451-68. 
M. Bailes1 , R. N. Manchester2, M. J. Kesteven2 , 
R. P. Norris2, J. E. Reynolds1 . 
1. Mount Stromlo and Siding Spring Observatories. 
Institute of Advanced Studies, Australian National University, 
Canberra, A. C. T .. 
2. Australia Telescope National Facility*, CSIRO, Marsfi.eld, N.S. W. 
* The Australia Telesope National Facility is operated in association with the 
Division of Radiophysics by CSIRO. 
This paper has been submitted to Nature. 
We have determined the annual parallax and proper motion of the 
pulsar PSR 1451-68 using the Parkes-Tidbinbilla Interferometer. We 
obtain a parallax of 2.2 ± 0.3 mas and a proper motion of 41.4 ± 0.9 
mas yr- 1 • When combined with the dispersion measure, the parallax 
yields a value of 0.019 ± 0.03 cm-3 for the column density of free 
electrons along the line of sight to this pulsar. 
Measurement of the annual parallax provides a model-independent distance 
to a radio pulsar which may be used in calibration of the pulsar distance scale 
based on dispersion measures. As part of a survey to determine the proper mo-
tions of several southern hemisphere radio pulsars using the Parkes-Tidbinbilla in-
terferometer (PTI)1 , we observed the pulsar PSR 1451- 68 together with a nearby 
reference source on several occasions between November 1986 and November 1988. 
A summary of the observations appears in Figure 4.2. The PTI is a radio-linked 
interferometer with a baseline of 275 km and at the observing frequency of 1.66 
GHz has a minimum fringe spacing of 135 mas. An unresolved reference source 
with a flux density of rv 100 mJy was found only rv 6' from the pulsar. T his 
pulsar is strong (mean flux density about 70 mJy) and, with a dispersion m easure 
of only 8.6 cm-3 pc, is relatively close to the sun, so it is an excellent candidate 
for the determination of a parallax. 
We observed the pulsar and reference simultaneously over a wide range of 
hour angles in each session. The interferometric phases obtained by moving the 
phase centre to assumed positions for the pulsar and reference source in turn were 
differenced. Errors in the assumed relative position of the pulsar and reference 
source result in variations of the difference phase with hour angle. Changes in 
the relative position result in variations with epoch of observation of the differ-
ence phase at a given hour angle. A model for the expected variat ions in phase 
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difference resulting from proper motion and parallax of the pulsar can be fitted 
to the data. The reference source is assumed to be extragalactic and hence to 
have zero proper motion (in the extragalactic reference frame) and zero parallax. 
Figure 4.2 shows the difference phases at each of the epochs of observation and 
the best fitting proper motion and parallax solution. The solution is obtained 
from a standard least squares regression. The weight of each point is inversely 
proportional to r.m.s. residual from the mean phase. The resulting values for 
the proper motion are µa = -39.5 ± 0. 7 mas yr-1 , µ6 = -12.3 ± 0.6 mas yr-1 , 
where µa and µ6 are the components of proper motion in the right ascension 
and declination directions respectively, and for the annual parallax 1r = 2.2 ± 0.3 
mas. The r.m.s. scatter about the best-fitting solution is only 4 degrees and 
the quoted errors are twice those given by the least-squares solution. Assumed 
positions ( J2000) of the pulsar and reference source respectively were RA = 14h 
55m 58 8 .0448, Deel. = -68° 43' 37" .5393 and RA = 14h 55m 198 .2126, Deel. 
= -68° 39' 12" .1894. If the parallax were zero, the phase curves for all epochs 
would have a common point of intersection. The displacement of the best- fit-
ting curves from the intersection point near hour angle zero illustrates that the 
parallax is significant. 
The parallax and proper motion obtained for PSR 1451-68 are the most 
accurate known for any pulsar. In this paper we discuss only the parallax result; 
the proper motion will be discussed along with observations of other pulsars in 
a subsequent paper. Using the techniques of Very Long Baseline Interferometry, 
Gwinn et al. 2 have determined the parallaxes of two pulsars, PSR 0823+26 ( 1r = 
2.8 ± 0.6 mas) and PSR 0950+08 (1r = 7.9 ± 0.8 mas). Salter et al. 3 obtained a 
parallax of 21.5 ± 8.0 mas for PSR 1929+10 but for the same object Backer and 
Sramek4 placed an upper limit on the parallax of only 4 mas. Using pulse timing 
observations, Rawley et al. 5 have put an upper limit of 0.4 mas on the parallax 
of the millisecond pulsar PSR 1937 +21. It is unlikely that many parallaxes will 
be determined using this technique as it is only applicable to pulsars having very 
small period irregularities, most of which are relatively distant. The accuracy 
of our result is primarily due to the fact that we were fortunate enough to be 
able to find a strong, unresolved reference source in the same primary beam as a 
strong pulsar. Another significant factor was the high observing frequency of the 
PTI. These reduced the effects of perturbations such as ionospheric irregularities 
which can result in large systematic errors. 
The derived parallax for PSR 1451-68 implies a distance of 450 ± 60 pc. 
Together with the dispersion measure, this gives a value for the mean free-electron 
density along the path of 0.019±0.03 cm-3 • For PSR 0823+26, at a distance 
of rv360 pc, the derived mean density is 0.055 ± 0.12 cm-3 , whereas for PSR 
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Figure 4.2. The best fitting proper motion and parallax solution to the differen-
tial phase between the pulsar PSR 1451-68 and a nearby reference source. Each 
symbol represents the phase at a different epoch as shown in the Figure and the 
curves represent the expected phase at each of the epochs. The parallax obtained 
from the fit is 2.2 ± 0.3 mas and the proper motion is 41.4 ± 0.9 mas/yr. The 
rms phase residual is only 4 degrees and the quoted errors are twice the formal 
standard errors from the fit . Each point is the phase averaged over a five minute 
interval. 
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0950+08 the corresponding values are rv 130 pc and 0.023 ± 0.02 cm-3 • For a 
sample of nine pulsars, most of which are within 500 pc of the sun, Salter et al. 3 
find a mean electron density of 0.029 ± 0.14 cm-3 • Observations of diffuse soft 
X-ray emission617 suggest that within rvlOO pc of the sun the interstellar medium 
is dominated by a hot tenuous medium of mean electron density rv0.004 cm-3 • 
There is some evidence from the pulsar results for lower electron densities within 
100-200 pc of the sun which is compatible with the interpretation of the soft 
X-ray results. However, at distances of about 500 pc, the mean electron density 
obtained from the parallax measurements is quite consistent with the value of 
rv0.03 cm-3 obtained from more distant pulsars8 , most of which have distances 
estimated from neutral hydrogen absorption measurements. This suggests that 
the local interstellar medium within rv 500 pc of the Sun is quite representative 
of the wider galactic interstellar medium. 
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Abstract. 
We have measured the proper motion of the Vela pulsar using the Parkes-Tidbin-
billa Interferometer over a two-year period and obtain a value of 49 ± 5 mas yr- 1 
at a position angle of 305°. This proper motion implies that the pulsar was not 
born at the geometric centre of the Vela supernova remnant nor at the peak of 
radio emission in Vela-X. We conclude that Vela-Xis not pulsar-driven, and that , 
like many other galactic supernova remnants, the Vela supernova remnant has 
expanded asymmetrically since its birth. 
4.5.1. Introduction. 
The Vela pulsar is one of only four radio pulsars associated with a supernova 
remnant (SNR). Support for the association is provided by the similarity of the 
pulsar characteristic age and the estimated age of the SNR ( Clark and Caswell 
1976), both about 12,000 years. Although the pulsar distance, estimated from 
the dispersion measure (Manchester and Taylor 1981) is rather uncertain, it is 
comparable to the estimated distance of 500 pc to the SNR (Milne 1970). The 
pulsar and SNR rotation measures are also comparable. 
The Vela SNR extends over about 5° and the pulsar is offset from the centre 
of the remnant by about 1 °. Although there are three regions of enhanced radio 
emission within the remnant, referred to as Vela X, Y and Z respectively, we 
assume that the entire remnant is the product of a single supernova event. The 
largest enhancement, Vela-X, is about 2° in diameter and is centred 40' SW 
of the pulsar. Weiler and Panagia (1980) suggested that Vela-X has a flatter 
spectrum than the rest of the remnant and that its radio emission is driven by 
the pulsar, not unlike the Crab SNR. If this association is correct, the pulsar 
would be expected to have a large proper motion directed away from the centre 
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of Vela-X. Alternatively, if the pulsar was formed at the centre of the Vela SNR 
as a whole and the estimated distance and age of the pulsar are accurate, then 
the velocity of the Vela pulsar would be rv 800 km s-1 , making it the highest 
known of any radio pulsar by a factor of two ( see Lyne, Anderson and Salter 
1982). Such a velocity could not be produced solely from the break-up of a close 
binary (Radhakrishnan and Shukre 1985) and some other acceleration mechanism 
would need to be invoked. A large proper motion directed toward, say, the centre 
of the remnant would cast doubt on the pulsar-SNR association. An accurate 
determination of the proper motion is therefore of great interest. 
Unlike most pulsars, the Vela pulsar has been identified optically, and thus its 
proper motion can be determined by comparing the optical position over a range 
of epochs. Using the original discovery plate of Lasker (1976) and a more recent 
CCD image of the pulsar field, Bignami and Caraveo (1988) placed an upper 
limit on the proper motion of the Vela pulsar of 60 mas yr-1 . Timing data on 
the pulsar have been unable to yield a proper motion as the Vela pulsar exhibits 
a large amount of timing noise and is subject to "glitch" behaviour (Cordes et 
al. 1988). Radio interferometry is much more suitable for the determination of 
pulsar proper motions as it is capable of determining proper motions to a few 
mas yr- 1 over relatively short times (see Lyne, Anderson and Salter 1982). In 
this Letter we report the results of radio interferometric observations of the Vela 
pulsar which, for the first time, accurately determine the proper motion of the 
pulsar. 
4.5.2. Radio Observations and Results. 
In order to determine accurate proper motions for pulsars with a radio in-
terferometer, one measures the relative interferometric phase between the pulsar 
and a nearby unresolved extragalactic source at various epochs. A secular change 
in phase indicates a proper motion. The Parkes Tidbinbilla Interferometer (PTI) 
is a microwave-linked radio interferometer of baseline 275 km which can operate 
at an observing frequency of 1.6 GHz (Norris et al. 1988). In September 1986 we 
began a proper motion survey of several southern hemisphere radio pulsars using 
the PTI. 
To search for suitable reference sources near the Vela pulsar we used the PTI 
to examine sources detected on a Molonglo Observatory Synthesis Telescope map 
of the field. The nearest suitable source was about 40' from the pulsar and of 
flux density 0.15 Jy. Observations at 2.3 and 8.4 GHz show the source to have a 
spectral index of -0.3, consistent with an extragalactic origin. The pulsar's flux 
density ( average over over pulse phase) varied between epochs, but was typically 
rv 1.0 Jy. The reference and the pulsar were observed at seven different epochs 
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over a two-year period. Since the separation of the pulsar and the reference is 
more than the primary beamwidth of the interferometer (12'), it was necessary to 
beam-switch the antennas. A four minute cycle, two minutes on the pulsar and 
two minutes on the reference, was adopted. The observed visibilities were fringe-
stopped in turn at assumed positions ( J2000) for the pulsar, R.A. Osh35m2os .60 
Dec. -45° 10'35" .8 and reference, R.A. 08h 33m22s .24 7 Dec. -44°41'38" .92, and 
phases differenced after interpolation. The differential phases, averaged over 10-
minute intervals, are shown in Figure 4.3 with the different symbols representing 
the different epochs. As can be seen from the Figure, there is a clear systematic 
change in the phase curves with epoch indicating a proper motion. A least-
squares fit of a proper motion model to the entire data set is also plotted on the 
Figure. 
Although the quality of the fit is extremely good (rms phase residual 17°), 
giving us confidence in the derived proper motion, there are some deviations from 
the fitted curves, especially for the later sessions. For the November, 1988, session 
we have plotted observations made two days apart with different symbols showing 
the systematic differences over the two days. We attribute these differences, which 
were much less evident in earlier sessions, to small-scale ionospheric fluctuations 
producing differential refraction between the pulsar and reference source. Such 
fluctuations might be expected to be worse in later sessions as we approach the 
solar activity maximum. The absence of large systematic effects in the earlier 
sessions also shows that large-scale diurnal and seasonal changes in the ionosphere 
had little effect on our data. 
The derived proper motion of the pulsar with respect to the extragalactic 
reference is µ 0 = -48 ± 4 mas yr- 1 and µr, = +34 ± 2 mas yr- 1 . After correction 
for the peculiar motion of the sun with respect to the local stars, and for rotation 
of the Galaxy, the derived proper motion for the pulsar in the local rest frame is 
µ 0 = -40 ± 4 mas yr- 1 and µr, = +28 ± 2 mas yr- 1 . A distance to the pulsar 
of 500 pc, a galactic rotation of 5.88 mas yr- 1 and a peculiar velocity of the Sun 
of 16.5 km s- 1 in the direction l = 53°, b = 25°, were assumed when computing 
the corrections. The quoted errors are twice the formal standard errors from the 
fit to allow for unknown systematic effects. The total proper motion is 49 mas 
yr- 1 at a position angle of 305°. This is less than the upper limit of 60 mas yr- 1 
quoted by Bignami and Caraveo (1988). 
4.5.3. Discussion. 
The proper motion vector, together with age estimates of the remnant and 
pulsar, yield the probable birthplace of the pulsar and remnant. For an assumed 
age of 12,000 years, Figure 4.4 shows this position on the radio map of Day, 
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Figure 4-3. A plot of the differential interferometric phase versus hour angle ( at 
Parkes) for the Vela pulsar and a nearby reference source at several epochs. The 
symbols each represent the phase at a different epoch and are also shown. The 
sinusoids plotted on the figure are from the best fitting proper motion solution 
to the whole data set and represent the expected phase at each epoch. The 
uppermost sinusoid is from the first epoch of observation with the sinusoid for 
each subsequent epoch plotted below that of the preceding epoch. 
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Caswell and Cooke (1972), and an Ha image of the remnant, together with the 
proper motion vector. Clearly, it is very unlikely that the pulsar originated in 
the centre of the strong emission in Vela-X. We conclude therefore, that Vela-X 
is not directly pulsar-driven or plerionic, but rather an enhanced region of shell 
emission as suggested by Milne and Manchester (1986) and Manchester (1987). 
Bignami and Caraveo (1988) raised doubts about the association of the pulsar 
and remnant based on their limit on the proper motion. They argued that the 
birthplace of the pulsar and remnant could only be coincident if the estimated 
ages of the pulsar and remnant were greatly in error, or if the expansion of the 
remnant was highly asymmetric, both of which they deemed unlikely. 
Our data reveals that the pulsar is in fact moving out of the remnant, but not 
from the geometric center (in-so-far as this can be defined). We must attribute 
this offset from the center to asymmetric expansion of the remnant since the ori-
entation of the proper motion vector makes the age uncertainty almost irrelevant. 
Such asymmetries are not uncommon in galactic SNR ( Caswell, 1988). Perhaps 
the best analogy is with PSR 1509-58 and G320.4-l.2 (Manchester, 1987). In 
both this case and for Vela, the pulsar location is offset toward the brighter part 
of the remnant. Asymmetric expansion could be due to denser interstellar gas on 
the bright side of the remnant or a cavity on the fainter side. There is no sug-
gestion of enhanced densities to the south-west of Vela in the CO map of Dame 
et al. (1987) or in IRAS HCONl images (Beichman et al., 1988). We therefore 
suggest that the Vela SNR has expanded at a faster than average speed toward 
the north-east. 
The derived SNR age of 12,000 years was obtained by Clark and Caswell 
(1975) on the assumption that the geometric centre of the remant was the origin. 
From our argument above, the remnant has expanded at a normal rate to the 
south-west. This reduces the diameter which should be used to determine the 
age of the remnant by a factor of t"V 1.5 and the age of the remnant by a factor of 
between 1.5 and 1.52 ·5 depending on whether the expansion has been primarily 
free or in the Sedov phase. The corresponding age range is between 4,500 and 
8,000 years. If the pulsar has had a braking index of 3.0 since birth, the initial 
period for the pulsar would then be between 43 and 68 ms. 
Bignami and Caraveo (1988) suggest that the probability of a pulsar lying 
along the line of sight to the Vela SNR is not small. Our proper motion data 
yields a transverse velocity of 120 km s- 1 for an assumed distance of 500 pc. 
Although the scintillation speed measurement for this pulsar yields a velocity of 
only 53 km s-1 ( Cordes 1986) the factor of t"V 2 discrepancy is not unusual for 
pulsars with a large degree of scattering. We can place a limit on the pulsar 
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Figure 4.4. The radio map of Day, Caswell and Cooke (1972) of the Vela SNR 
together with an Ha image of the region is shown overleaf. The cross marks the 
derived birthplace of the pulsar ( assuming an age of 12,000 years) and the proper 
motion vector is indicated. The current location of the pulsar is at the tip of the 
arrowhead. 
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distance by restricting the pulsar to have a velocity less than that of the highest 
known pulsar velocity of r--..1 350 km s-1 . This means that the pulsar is almost 
definitely within 1.5 kpc of the sun. 
Here we estimate the probability that the Vela pulsar is a chance superpo-
sition on the Vela SNR. The local birthrate of pulsars for an assumed beaming 
fraction of 0.2 is 2.1 x 10-5 kpc-2 yr-1 (Lyne., Manchester and Taylor 1985) and 
hence the number of pulsars that we expect to be born within 1.5 kpc of the 
sun and not more than one degree of galactic longitude from the centre of the 
Vela SNR in the past 12,000 years is 0.01. The expected number of these pulsars 
within one degree of the galactic latitude of the centre of the SNR is probably less 
than 0.25. Furthermore, the likelihood that a given pulsar is beamed toward us 
is probably less than 0.5. Hence the probability that the Vela pulsar is a chance 
superposition on the SNR is r--..1 10-3 • We therefore conclude that the Vela pulsar 
and SNR are associated, that both are within 1.5 kpc of the Sun, and that the 
remnant has expanded asymmetrically. 
A velocity of 120 km s-1 is typical of pulsars with high magnetic fields 
(Anderson and Lyne 1983). The origin of this velocity is uncertain. Some au-
thors advocate that an asymmetry in the SN explosion causes the high velocities, 
(Shklovskii 1970, Dewey and Cordes 1986, Bailes 1989), whilst others have sug-
gested that the velocity arises from the break-up of binaries at the time of the 
SN explosion (Gott, Gunn and Ostriker 1970, Radhakrishnan and Shukre 1985). 
A third mechanism, the "rocket theory" (Helf and and Tademaru 1977), predicts 
an alignment of the pulsar spin and velocity axes. In the case of the Vela pulsar, 
the pulsar spin axis is at a position angle of about 55° (Manchester 1987), almost 
perpendicular to the proper motion vector. This provides further support for the 
conclusion of Anderson and Lyne (1983), that this theory is not consistent with 
the observations. 
If binary break-up is solely responsible for the velocities of pulsars then what 
are the implications of this for the Vela pulsar? One can argue (Radhakrishnan 
and Shukre 1985) that the companion must have been another (older) neutron 
star in order for the system to disrupt and that the velocity of the old neutron 
star must be greater than that of the younger Vela pulsar. The binary would have 
had to have been very tight with an orbital period of the order a day in order 
for the Vela pulsar to achieve its current velocity. Old neutron stars in massive 
binaries with such orbital periods are believed to be spun-up to small spin periods 
by the accretion of matter from the companion (van den Heuvel 1987). Taking 
Corbet's diagram ( Corbet 1986) as a rough guide, the old pulsar could have a 
spin period which is of order 100 milliseconds. It would be very difficult to detect 
such a pulsar even if it was beamed toward us as its present location is unknown. 
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If radio pulsars receive their velocities from asymmetric explosions then it is 
not necessary for the Vela pulsar to have had a companion at all. Alternatively, 
the Vela pulsar's progenitor may have been a member of a wider binary system 
which was disrupted at the time of the SN. In this case it is possible that the 
companion is still relatively close to the derived birthplace of the pulsar. 
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4.6 The Proper Motions of 6 Pulsars. 
In addition to the pulsars PSR 1451-68 and PSR 0833-45 we attempted 
proper motion determinations for a further 8 pulsars. These are all listed in 
chapter 3.5. Of these only 4 had their proper motions determined with any 
certainty. In all cases, the pulsars for which we were unable to derive a proper 
motion were discarded because their fluxes were too weak to yield unambiguous 
phases. If the signal-to-noise ratio is too small, phase ambiguities make phase 
connection impossible. It is important to stress that even an upper limit to the 
proper motion of these pulsars could not be obtained. In later chapters when 
selection effects are discussed, we will return to this point. 
The fits for the proper motions of the pulsars PSR 0740-28, PSR 1426-66, 
PSR 1449-64 and PSR 1600-49 are presented in Figures 4.4 , 4.5, 4.6 and 4. 7 
respectively. 
As can be seen from the Figures, the quality of the fits varies a great deal. 
For at least one pulsar, PSR 0740-28 , the reference source was partially resolved 
by the PTI. Subtracting the phase of one epoch from that of the others should 
have removed the structure of the reference. However, the departures from the 
fitted sine curves are much greater than that due to the inherent scatter of the 
data due to noise, and could be the result of a variable reference source. 
For the pulsar PSR 1600-49 the fit relies on comparatively few data points. 
This is because the pulsar was often so weak that it was necessary to integrate 
over 20-30 minute intervals to obtain an unambiguous phase. The dependence of 
the solution on a few data points which have a large scatter is reason to treat the 
quoted errors with caution. 
67 
,,..--... 
CJ'! 
(1.) 
-0 
'--" 
(1.) 
U) 
0 
..c 
0... 
0 
l[) 
0 
0 
l[) 
I 
0 
0 
..-
+ 
~++ 
0 
0 
D D 
c:P 
0 D 
-4 -2 
+ 
+ + 
UT Date Symbol 
86 Dec 14 • 
87 Jan 04 D 
87 Jan 29 * 
87 Dec 1 1 0 
88 Mar 19 6 
88 Apr 20 • 
88 Nov 25 + 
0 2 4 
Hour Angle 
Figure 4.5. The interferometric phase vs hour angle at various epochs for the 
pulsar PSR 0740-28 and a nearby reference. The reference source is partially 
resolved and therefore it was necessary to subtract the phase of the final epoch of 
observation from all observations before fitting for the proper motion. We believe 
that the departure from the fitted sine curves is due to the variable structure of 
the source. The proper motion of the pulsar with respect to the reference is 
µa= -29 ± 2 mas yr- 1 , µ6 = -0.l ± 0.8 mas yr-1 . 
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Figure 4.6. The interferometric phase vs hour angle at various epochs for the 
pulsar PSR 1426-66 and a nearby reference. The proper motion of the pulsar 
with respect to the reference is µ 0 = -31 ± 10 mas yr- 1 , µ 0 = -21 ± 5 mas 
yr-1. 
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Figure 4. 7. The interferometric phase vs hour angle at various epochs for th e 
pulsar PSR 1449-64 and a nearby reference. The proper motion of the pulsar 
with respect to the reference is µa = -16.5 ± 2 mas yr- 1 , µ 6 = -21 ± 1.5 mas 
yr-1. 
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Figure 4.8. The interferometric phase vs hour angle at various epochs for the 
pulsar PSR 1600-49 and a nearby reference. The proper motion of the p ulsar 
with respect to the reference is µ 0 = -30 ± 14 mas yr- 1 , µ 6 = -1 ± 7 mas yr- 1 . 
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Table 4.1: Pulsar Proper Motions. 
Pulsar µCr aµcx µ5 aµ 5 
mas yr- 1 mas yr- 1 mas yr- 1 mas yr- 1 
PSR0740-28 -29.0 0.9 - 0.1 0.4 
PSR0833-45 -48.0 2.0 +34.9 1.0 
PSR1426-66 -30.7 4.6 -20.6 2.6 
PSR1449-64 -16.4 1.1 -21.3 0.76 
PSR1451-68 -39.5 0.36 -12.3 0.25 
PSR1600-49 -30.0 7.1 -1.1 3.4 
Table 4.2: Derived Velocities. 
. 
Pulsar l b l b D Vr aVr 
deg deg mas yr-1 mas yr- 1 kpc km s-1 km s-1 
PSR0740-28 243.8 -2.5 -9.8 -24.2 1.5 186 7 
PSR0833-45 263.6 -2.8 -48.0 -14.4 0.5 116 5 
PSR1426-66 312.7 -5.4 -31.5 - 7.2 2.1 322 50 
PSR1449-64 315.7 -4.4 -19.9 -11.1 2.2 238 15 
PSR1451-68 313.9 -8.5 -30.7 10.3 0.45 68 1 
PSR1600-49 332.2 +2.4 -21.3 19.2 4.2 574 160 
In all of the Figures the global fit to the data is shown, and the quoted errors 
are twice those obtained from the best-fitting proper motion solution. 
In Table 4.1 we present the derived proper motions of all of our pulsars , 
along with their 1-a errors. In the Table µ 0 and µ5 is the proper mot ion with 
respect to the extragalactic reference source in right ascension and declination 
repectively. 
The derived velocities of the pulsars with respect to their local standard of 
rest are presented in Table 4.2 after correcting for differential galactic rotation and 
the peculiar motion of the Sun. In Table 4.2 l and b are the galactic coordinates of 
the pulsar, ( epoch 1950). i and b is the proper motion in these coordinates after 
subtracting the proper motion one expects from differential galactic rota t ion and 
the peculiar motion of the Sun. In computing the corrections, the rotat ion curve 
of the galaxy is assumed to be flat, and equal to 225 km s-1 . The distance of 
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the Sun from the galactic centre is taken to be 8.5 kpc and the peculiar motion 
of the sun is taken as 16.5 km s-1 in the direction l = 53°, b = +25°. 
Migration from the galactic plane. 
The proper motion vectors of our 6 pulsars are plotted on Figure 4.9. They 
represent the orientation of the proper motion vectors with respect to the galactic 
plane. In their original data set, Lyne, Anderson and Salter (1982) found that 
almost all pulsars appeared to be moving away from the galactic plane. Our data 
reinforces that trend with one exception: PSR 1451-68. This is consistent with 
the view that pulsars are born within a few hundred parsecs of the plane and 
acquire large velocities either at birth or shortly afterwards. Throughout their 
active lifetime of rv 107 they are only slightly decelerated by the galactic potential 
and as a result most pulsars are expected to hve proper motions directed away 
from the plane. 
Lyne, Anderson and Salter argue that high galactic latitude pulsars might 
appear to be approaching the plane when in fact they were receding from it, 
due to a large radial component of velocity which remains unmeasured. This is 
unlikely to be the case for PSR 1451-68, as its galactic latitude is only b = -8.5°. 
We will discuss the implications of this pulsar's proper motion further in chapter 
6. 
The derived transverse velocities of our pulsars are plotted in a histogram, 
along with those of Lyne, Anderson and Salter (1982) in Figure 4.10. The veloc-
ities we have determined have a similar distribution to those of Lyne, Anderson 
and Salter, confirming that pulsars are high velocity objects. The only pulsar 
in our sample with a significantly different velocity than that of Lyne, Anderson 
and Salter is PSR 1600-49, which also has the largest errors. It is thus with 
some caution that we conclude that the velocity of this pulsar is 570 ± 160 km 
s- 1 . The pulsar with the lowest value of velocity, PSR 1451-68, also has the 
lowest value of magnetic field strength. This reinforces the correlation observed 
between velocity and magnetic field strength by Anderson and Lyne (1983). The 
velocity distribution, the correlation between velocity and magnetic moment, and 
the kinetic ages of pulsars, will be discussed further in chapters 5 and 6. 
4. 7 PSR 07 40-28. 
PSR 0740-28 has a characteristic age of only 1.5 x 105 yr, making it one of 
the youngest pulsars known. Stacey and Jackson (1982) noted that the pulsar was 
coincident with a hotspot on the rim of a nearby HI shell. They speculated that 
the pulsar may have been formed at the centre of the shell, as the HI distances 
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Figure 4.9. The orientation of the proper motion vectors of the 6 pulsars for 
which we have determined proper motions. The pulsars are currently at the 
positions indicated by the filled circles. The "tail" represents the angle traversed 
in the last million years. The characteristic ages of the pulsars PSR 07 40-28 and 
PSR 0833-45 suggest that they are in fact less than a million years old. The 
vectors (with one exception) reinforce the trend observed by Lyne, Anderson and 
Salter (1982) that pulsars are, in general, moving away from the galactic plane. 
The scales on each axis are not equivalent. 
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Figure 4.10. The distribution of pulsar velocities as derived from radio interfero-
metric observations. The pulsars represented by the solid region of the histogram 
are those derived from our observations. 
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for the pulsar and the shell are similar. If this is the case, it should have a 
large proper motion directed away from the centre of the shell. Morris et al. 
(1979) have also suggested that the pulsar may have originated from the nearby 
non-thermal source G242.5-3.5. 
In Figure 4.11 we reproduce a contour map of the 21-cm brightness temper-
ature at an LSR velocity of +15 km s-1of the HI shell GS 241-01+15 (l = 241 °, 
b=-01 °, LSR velocity = +15 km s-1 ) from Stacey and Jackson (1982). 
The pulsar PSR 07 40-28 and the non-thermal radio sources G 240.8-1.2 and 
G 242.5-3.5 are also indicated in the Figure. The current position of the pulsar 
is at the tip of the arrowhead, and the tail of the arrow represents the birthplace 
of the pulsar, if the characteristic age of the pulsar is the true age. 
As can be seen from the Figure, the pulsar did not originate from the centre 
of the shell or from the non-thermal radio source G242.5-3.5. Stacey and Jack-
son (1982) suggested that the pulsar may be the remnant of a supernova in a 
young stellar group, which was formed by the expansion of the HI shell. This 
cannot be completely ruled out, as the proper motion vector indicates that the 
pulsar's birthplace was on the rim of the shell. However, it may just be a chance 
superposition, as the rim is quite broad in extent. 
4.8 Discussion. 
We have measured the proper motions of 6 radio pulsars and one reference 
pair using the Parkes-Tidbinbilla Interferometer at an observing frequency of 1.66 
GHz. Lyne, Anderson and Salter (1982) measured the proper motions of 26 radio 
pulsars and 7 reference pairs using a 408 Mhz system. Our relatively high observ-
ing frequency was the main reason that we were only able to measure 6 pulsar 
proper motions. At 1.66 Ghz there are very few pulsars with sufficient flux to 
have their proper motions determined by the Parkes-Tidbinbilla Interferometer. 
The high observing frequency meant that the search area for potential references 
was limited, and this reduced the sample even further. If we had been able to 
gate the pulsar signal, we would probably have been able to determine another 5 
or so proper motions. 
Although the number of proper motions we have been able to measure is 
small, some appear to be extremely accurate, with errors from the fit of only 
about 1 mas yr-1 . This has, for example, enabled us to determine the parallax of 
PSR 1451-68 to a high degree of accuracy. Systematic errors at high frequencies 
appear to be much lower than at low frequencies. This is apparrent when we 
compare the apparent proper motion of reference sources in the field of PSR 
1747-46 determined from observations at an observing frequency of 1.66 GHz 
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Figure 4.11. A 21-cm map taken from Stacey and Jackson (1982). The map 
shows contours of 21-cm brightness temperature at a LSR velocity of +15 km 
s- 1in the vicinity of the HI shell GS241-01+15. The proper motion of the pulsar 
PSR 0740-28 is indicated by the arrow with the current location of the pulsar at 
the tip of the arrowhead and its place of origin at the tail. The positions of the 
non-thermal sources G240.8-l.2 and G242.5-3.5 are indicated by the crosses and 
the length of the bars represent the approximate angular extent of these features . 
Clearly the pulsar was not born at the centre of either of these regions. 
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with those between the references of Lyne, Anderson and Salter (1982) where an 
observing frequency of 408 MHz was used. The average proper motion between 
references in the Lyne, Anderson and Salter sample is 16 mas yr-1 and typical 
errors are also 10 mas yr-1 . In contrast, the proper motion we obtain between 
our references is only 0.5 ± 1.0 mas yr-i. However, for many pulsars in the 
Lyne, Anderson and Salter sample, systematic errors of 10 mas yr-1 would not 
significantly change the derived velocities or orientation of the proper motion 
vectors, and hence their conclusions. This is because the majority of their pulsars 
are close to the Sun and systematic errors in the proper motion is probably small 
compared to the total proper motion. The effects of systematic errors are more 
important at larger distances (> 3 kpc) where an error in the proper motion of 
10 mas yr-1 might well be comparable to the actual proper motion of the pulsar. 
We conclude that low frequency observations are the best way to obtain the 
proper motions of pulsars within a few kpc of the Sun. When attempting parallax 
measurements, high frequency observations are probably more appropriate. For 
pulsars at a large distance from the Sun, low frequency observations are likely to 
be adversely affected by systematic errors, although at high frequencies there are 
very few pulsars which can have their proper motions determined at all. 
Our results have confirmed that radio pulsars are high velocity objects and 
have increased the number of pulsars with known parallaxes from 2 to 3. We 
have been able to demonstrate that the Vela pulsar and SNR are almost cer-
tainly associated and that the pulsar PSR 07 40-28 did not originate from the 
centre of the nearby HI shell GS241-01+15. The proper motions of our pulsars 
are probably the most accurate ever determined. The transverse velocities of 
pulsars remain uncertain by about a factor of two due to the uncertainties in 
their distances. However, for pulsars with a low galactic latitude, the kinetic age 
is essentially independent of distance and hence accurate. The kinetic ages and 
distribution of p~sar velocities will be discussed in chapters 5 and 6 along with 
their implications for field decay, injection and the origin of pulsar velocities. 
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Chapter 5: 
The Origin of Pulsar Velocities and 
the Velocity-Magnetic Moment 
Correlation. 
Matthew Bailes. 
Mount Stromlo and Siding Spring Observatories, 
Institute of Advanced Studies, 
Australian National University. 
( Accepted for Publication by the Astrophysical Journal) 
Abstract. We present a model for the origin of pulsar velocities based on the 
disruption of massive binary systems which explains the observed correlation be-
tween the magnetic moment and velocity of radio pulsars. Such binary systems 
produce two neutron stars, the first of which is usually unobservable as a radio 
pulsar until the formation of the second neutron star, at which time the binary is 
disrupted. If the orbital period of the binary is quite large (> few months) and 
an asymmetric kick of order 200 km s-1 is imparted to the newly formed pulsar 
then the two pulsars have quite different properties. The first-born pulsar has a 
weak, decayed field and a slow velocity representative of its orbital speed. The 
new pulsar has a strong field and a large velocity. Since a substantial fraction 
of the pulsar progenitors are in binaries, this causes a correlation between the 
velocity and magnetic moment of radio pulsars without any dependence of the 
kick velocity on the initial magnetic field strength of the pulsar. We find that 
our model is consistent with the fraction of binary pulsars and their orbital pa-
rameters, the observed periods and eccentricities of the Be X-ray binaries, and 
provides a natural method of producing pulsars with intermediate spin periods 
79 
at "birth" as postulated by a number of authors in order to satisfy population 
studies. 
The accretion of matter on to the first-born pulsars in binaries reduces their 
spin periods and makes it is impossible to calculate their initial field strengths. 
Their characteristic ages are unrepresentative of the time since they became ob-
servable as radio pulsars and acquired their velocities. Given this, the evidence 
for field decay is reviewed and we present a method of determining whether field 
decay always occurs or only as a result of mass accretion. With the currently 
available data there is no evidence that the fields of pulsars decay once mass 
accretion has ceased. If this is the case we present alternative evolutionary sce-
narios for the low mass X-ray binaries and the low mass binary pulsars which do 
not involve the accretion-induced collapse of a white dwarf. 
Subject H eadingtL· pulsars-stars: binaries - stars: evolution - stars: stellar dy-
. 
narmcs 
5.1. Introduction. 
Anderson and Lyne (1983) found that there is a correlation between the trans-
verse velocity obtained from radio interferometric observations and the magnetic 
. . 
moment derived from the product PP where Pis the spin period, and P the spin 
period derivative, for a sample of 26 radio pulsars. Cordes (1986) measured the 
velocities of a larger sample of 71 pulsars using the scintillation speed method 
and found that the correlation still existed although it was weaker. Stollman and 
van den Heuvel (1986) conducted a detailed statistical analysis and found that 
the correlation was unlikely to be the result of selection effects or poor statistics. 
Radio pulsars have velocities which range from a few to several hundred kilo-
metres per second. The origin of these velocities is uncertain and there are several 
theories as to their origin. Before any theory can be accepted it must be able 
to explain the frequency of radio pulsars in binary systems, the magnitude and 
range of the velocities observed, the orbital parameters of the known binary pul-
sars and the correlation between the magnetic moment and space velocity. The 
three main theories for the origin of pulsar velocities are the asymmetric kick hy-
pothesis (Shklovskii 1970), the binary break-up hypothesis (Gott et al. 1970) and 
the "rocket" theory (Helfand and Tademaru 1977). Morris et al. (1976) predicted 
that the spin axis would be aligned with the velocity vector if the rocket mecha-
nism was responsible for pulsar acceleration. The rocket theory was dismissed by 
Anderson and Lyne (1983) as no such alignment was found in the sample of 26 
pulsars observed by Lyne et al. (1982). The rocket theory also requires a small 
initial rotation period of order milliseconds in order to reproduce the observed 
velocities of radio pulsars. There is now evidence that a significant fraction of 
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pulsars have periods greater than this at birth ( Chevalier and Emmering 1986, 
Vivekanand and Narayan 1981) although it may be the case that not all radio 
pulsars are observable upon formation of the neutron star. The binary break-up 
theory produces high velocity pulsars by the break-up of a tight binary system 
at the time of the second supernova event, whilst the asymmetric kick hypothesis 
postulates that a small ( l'V 1 %) asymmetry in the outgoing ejecta of the super-
nova causes the newly produced neutron star to recoil with a large velocity. Since 
either of the two latter theories may produce the required velocities, it is nec-
essary to look at more subtle points in order to discern the origin of the pulsar 
velocities. 
Dewey and Cordes (1987) undertook a detailed Monte Carlo simulation of 
the pulsar progenitor population in order to try and reproduce the pulsar velocity 
"spectrum" and the fraction of pulsars in binary systems. They considered four 
models in all, and found that the binary break-up theory could not explain the 
pulsar velocity spectrum and the percentage of binary pulsars, and that their 
model with asymmetric explosions gave the best fit to the observations. None of 
their models could explain the velocity-magnetic moment correlation, or the very 
low percentage of binary pulsars. 
Radhakrishnan and Shukre (1985) extended the binary break-up theory to 
explain the velocity magnetic-moment correlation by postulating that the radio 
pulsars are divided into two classes. The first class consists of high velocity 
pulsars with large magnetic moments produced from massive binary systems in 
which there are two supernova explosions, the radio pulsars being released at the 
time of the second explosion from a tight binary with large velocities. The second 
class of pulsars are produced from lower-mass binaries in which the companion 
of the neutron star is completely tidally disrupted, leaving a solitary pulsar with 
a decayed magnetic field and slightly shorter period due to mass accretion. The 
pulsars resulting from the lower mass progenitors have lower velocities as their 
orbits are quite wide at the time of formation. 
Anderson and Lyne ( 1983) suggested that the correlation may arise because 
the magnetic field somehow influences the degree of asymmetry in the explosion 
of the star which produces the pulsar. A larger initial magnetic field gives a larger 
asymmetry and hence larger recoil velocity. 
In this paper we explain the correlation by extending the model of Dewey 
and Cordes (1987) which involved asymmetric explosions. In their model at the 
time of the second supernova event the orbital period of post-common envelope 
binaries was constrained to lie between 0.03 and 3 days. We allow a greater 
range of orbital periods prior to the final supernova event and investigate its 
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consequences for the velocities of the two pulsars produced from each binary. We 
begin in section 5.2 by showing that the first-born pulsars possess lower fields 
and shorter terminal rotation periods than newly-born radio pulsars. In section 
5.3 we establish that if the orbital period at the time of the second supernova 
event is greater than a few months then the first-born pulsars are released with 
low velocities and the new pulsars with large velocities, thereby establishing the 
correlation between magnetic field and velocity. We also show that the fraction of 
binary systems which remain bound is in accordance with observation. In section 
5.4 we discuss the evidence for the existence of wide binary progenitors for the 
majority of the pulsars produced from binaries. Magnetic field decay in radio 
pulsars is reviewed in Section 5.5 in terms of our model and we find that the 
evidence for field decay since the accretion of matter ceased is at best marginal, 
raising the possibility that the only pulsars with decayed fields are those which 
have accreted matter. Finally, in section 5.6, we present alternative evolutionary 
scenarios for the low-mass binary pulsars and low-mass X-ray binaries which do 
not involve the accretion-induced collapse of a white dwarf. 
5.2 Evolution of a Radio Pulsar. 
Massive binary systems produce two radio pulsars which, upon the time of their 
release from the binary, will probably acquire different velocities. The two pulsars 
are also likely to follow different evolutionary paths across the magnetic field -
spin period (B-P) diagram. The second-born pulsars follow similar paths on 
the B-P diagram to that of pulsars which result from single stars whereas the 
accretion of matter on to first-born pulsars will cause them to follow different 
evolutionary tracks. In this section we establish the expected magnetic field 
strengths and terminal spin periods of the first- and second-born pulsars and use 
these to infer the velocities that these pulsars are released with from the plots of 
velocity against magnetic moment and terminal period. 
(i) Evolution of a Single Pulsar. 
Radio pulsars have an inferred magnetic field strength 
B = ( 3 I c3 ) I / 2 (pp) I / 2 ( 5 .1) 
8?r2 R6 
(Manchester and Taylor 1977) where I is the moment of inertia of a neutron 
star, c the velocity of light, R the neutron star radius, P the rotational period 
of the neutron star and fa the period derivative. It is assumed here, as in the 
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Goldreich-J ulian model, that aligned rotators undergo the same order of mag-
nitude electromagnetic energy losses as perpendicular rotators. Integration of 
equation ( 5.1) under the assumption of an exponentially decaying magnetic field 
yields an expression for the period as a function of time and makes it possible 
to plot evolutionary tracks on a B-P diagram. Hence P as a function of time is 
given by 
p2 = R 2 + B2T (81r2 R6) (1 - e-2tfr) 
o o 3I c3 (5.2) 
where the subscript O denotes the initial values, t the time and T is the charac-
teristic timescale for field decay. In Figure 5.1 we plot the pulsars with known P 
and P on the B-P diagram as well as the evolutionary tracks ( depicted by solid 
lines) of two hypothetical pulsars with millisecond spin periods at birth and fields 
of 1012 and 1013 G which have a characteristic decay timescale of 5x 106 yr. It is 
interesting to note that for the case of an exponentially decaying field, as a pulsar 
evolves, the period approaches a limit related directly to the initial magnetic field 
strength, Bo. The relation between the terminal period, P 00 and Bo, is given by 
Lyne et al. (1985). 
If the first term in equation 5.3 is small compared to the second ( which it often 
is) then the terminal period is approximately proportional to the initial magnetic 
field strength. Since the majority of pulsars in Figure 5.1 are probably unaffected 
by mass transfer we expect pulsars arising from single stars to have large (1012 -
1013 G) magnetic fields at birth and terminal spin periods between 0.5 and 4 
seconds. 
(ii) Evolution of the First-born Pulsar in a Massive Binary. 
V\Te now wish to determine typical magnetic fields and terminal spin periods for 
the first-born pulsars in massive binaries. The spin period evolution of neutron 
stars which have a companion star from which they can accrete matter is much 
more complex than that of single pulsars. Angular momentum transfer via stellar 
winds or Roche lobe overflow can cause the period to increase or decrease on short 
timescales. There is evidence that the X-ray pulsars are, in general, spinning up 
to shorter periods (Rappaport and Joss 1983). The spin-up line, which gives the 
minimum period that accreted matter can spin up a pulsar to is also shown on 
Figure 5.1. The spin-up line is given by ( van den Heuvel 1987) 
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Figure 5.1 Magnetic field - Period (B-P) diagram for radio pulsars. The pulsars 
with known period and period derivative are plotted on the diagram as well as 
the spin-up line and the death line. For an assumed field decay timescale of 
5 x 106 years a series of isochrones are also shown. The bold lines represent the 
evolutionary tracks of two pulsars with field decay timescales of 5 x 106 years, 
initial spin periods of 1 ms, and initial fields of 1012 and 1013 G respectively. The 
dashed lines represent the departure from the standard evolutionary track for each 
of these two pulsars if they enter a common envelope phase after 1.15 x 107 years 
and are spun-up to their equilibrium periods. The Figure is based on Figures 12 
and 13 of Radhakrishnan 1982. 
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where Peq is the equilibrium spin period, Bg the magnetic field strength in units 
of 109 G, M the mass, R6 the radius in units of 106 cm and L the X-ray luminosity. 
The spin-up line plotted in Figure 5.1 assumes Eddington limiting accretion, a 
neutron star mass of l.4M0 and a neutron star radius of 106 cm. 
On Figure 5.1 we plot the evolutionary tracks of the same two hypothetical 
radio pulsars considered above but this time as members of binary systems. The 
solid lines depict the tracks taken if no mass is accreted. The dashed lines repre-
sent the deviation from these tracks due to a mass accretion phase ".J 107 years 
after the formation of the pulsars. The terminal periods of each pulsar have de-
creased by a factor of a few. Since the terminal period is a constant once a pulsar 
is released from a binary, we expect spun-up pulsars to possess shorter terminal 
periods than "normal" pulsars. As such pulsars possess smaller terminal periods, 
their initial magnetic fields derived from equation (5.3) will be lower than those of 
normal pulsars. This effect of mass accretion was first shown by Radhakrishnan 
(1985). The fields of the first-born pulsars will also be much lower than those of 
normal pulsars as they have had significant time to decay since the formation of 
the neutron star and their release from the binary at which time they become 
observable as a radio pulsar. As no pulsars have ever been observed in binaries 
with main sequence companions it seems likely that the radio emission of pulsars 
is quenched by the stellar wind and that the first-born pulsars are only observable 
after the second supernova event in the system. 
It is possible to derive a general formula for the decrease in terminal period as 
a result of mass accretion by substituting equation (5.4) into (5.3) and assuming 
an exponentially decaying field. If we denote the terminal period of a spun-up 
pulsar by P~ then the ratio of the terminal periods of a spun-up to a normal 
pulsar which both began their lives with the same field strength is given by 
where B 12 is the initial field strength in units of 1012 G, , 6 is the decay time in 
units of 106 years and T is the time interval between the first supernova event 
and the end of the mass accretion phase measured in units of the field decay 
timescale. We have assumed the same parameters for the spin-up line as we did 
in Figure 5.1. The change in terminal spin period is therefore determined by the 
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time interval between the two supernova explosions in a massive binary and the 
field decay timescale. 
The majority of radio pulsars are thought to originate from massive stars 
somewhere in the range from 6 to lOM0 (Blaauw 1985), although some authors 
put the lower limit for neutron star production at 8M0 (Sugimoto and Nomoto 
1980). Stars in this mass range are often members of binary systems and the 
binary frequency, whilst somewhat uncertain, is probably at least 50% and may 
be higher due to the existence of faint low-mass companions (Abt 1983). For an 8 
M 0 star the evolutionary timescale is a few by 107 years, whilst for a 20 M 0 star 
the evolutionary timescale is more like 107 years. The time between the first and 
second supernova events is the difference of the secondary and primary lifetimes. 
Therefore for binaries in the 8-20 M0 which have companions which will explode 
as supernovae it is evident that timescales of the order 107 years are probably 
typical of the interval between the first and second supernovae. This estimate is 
consistent with that obtained by van den Heuvel and Bonsema (1984). 
If we substitute standard timescales into equation (5.5) for the field decay 
time (5 x 106 years), the interval between the two supernova events ( rv 107 years), 
and the initial magnetic field strength ( l"V 1012 G) then a typical decrease in 
terminal period is by a factor of 2-5 and is slightly more pronounced for pulsars 
with· larger initial magnetic fields. The first-born pulsars in binaries which are 
disrupted at the time of the second supernova event will possess magnetic fields 
which are generally lower than single pulsars by about an order of magnitude and 
shorter terminal spin periods by a factor of a few. If, at birth , typical magnetic 
field strengths are between 1012 and 1013 G then we expect most of the spun-up 
radio pulsars to possess fields of between 1011 and 1012 G and terminal periods 
of between 0.1 and 0.8 seconds. 
(iii) The Velocity Magnetic-Moment Correlation. 
In Figures 5.2a and 5.2b we plot the velocity against magnetic moment and ter-
minal period respectively for the pulsars observed by Lyne et al. (1982). The 
terminal periods and magnetic fields of the low velocity pulsars both suggest that 
these are the first-born neutron stars in massive binary systems. The high ve-
locity pulsars have fields and terminal periods consistent with no mass accretion 
and a more recent birth. 
5. 3 The Velocities of Pulsars Released From a 
Binary System. 
We therefore identify the low velocity pulsars as the first-born pulsars in massive 
binaries and we now wish to determine the velocities that we expect pulsars 
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Figure 5.2a Tangential velocity (Vr) of 26 pulsars measured by Lyne et al. 
(1982) plotted against their current magnetic field. 
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Figure 5.2b Tangential velocity (Vr) of 26 pulsars measured by Lyne et al. 
( 1982) plotted against their terminal period for a field decay timescale of 5 x 106 
yr. 
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released from massive binary systems to possess. A binary system containing a 
neutron star and a pre-supernova star will give rise to two pulsars when the pre-
supernova star explodes. If there are no kicks imparted to neutron stars at birth, 
the effects of impact and ablation of the outgoing shell on the old neutron star 
are ignored, and the pre-supernova orbit is circular, then an analytic solution to 
the final velocities of the two neutron stars can be derived (Radhakrishnan and 
Shukre 1985). The relative velocity of the old and new neutron stars is given by 
(Vo1d/Vnew)2 = 1 + (2/3 -1)(1 + Mi/Mf )2 (5.6) 
where Vold and Vnew are the velocities of the old and new pulsar respectively, 
Mi and MI are the masses of the exploding star before and after the explosion 
and the parameter f3 represents the fraction of mass lost in the explosion. For 
the orbit to disrupt f3 must be greater than 0.5, hence the velocity of the old, 
low-field pulsar will always be greater than that of the new, strong-field pulsar. 
This is the opposite to what is observed, and, for this reason, Radhakrishnan and 
Shukre concluded that massive binary systems do not give rise to a correlation 
between magnetic field and velocity. 
However, if neutron stars receive an impulsive kick upon formation this con-
clusion is no longer valid. The arguments relating to the existence of kick ve-
locities are well summarised in Dewey and Cordes (1987). We re-examine the 
velocities we expect neutron stars to possess after the second supernova event if 
a randomly oriented kick is imparted to the newly formed neutron star. If we 
assume that all neutron stars have mass l.4M8 and the orbit is circular prior to 
the explosion then we can parameterize a pre-supernova system by two variables, 
the mass of the exploding star, and the orbital period. If we assume the effects of 
impact and ablation of the outgoing shell on the neutron star are negligible then 
it is possible to calculate the final velocities of the individual neutron stars. For 
three different pre-supernova masses we calculate the mean velocity of the old 
and new neutron stars in systems which disrupt when isotropically distributed 
kicks of 100 and 200 km s- 1 are imparted to the newly formed neutron star. 
The results are displayed in Figure 5.3 for a wide range of pre-supernova orbital 
periods. The dashed and solid lines represent the velocities of the old and new 
neutron stars respectively. In reality we expect that there would be a distribution 
of kick velocities but the two values we have adopted will suffice as a guide. The 
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pre-supernova masses we have chosen are probably representative of those from 
which the majority of pulsars form (see Sugimoto and Nomoto 1980). 
The results indicate that, for a kick of 100 km s-1 and pre-supernova orbital 
periods of less than a week the velocity of the old neutron star will be, on average, 
greater than that of the new neutron star, but that at larger pre-supernova periods 
the velocity of the old neutron stars is less than that of the new neutron stars. 
For the case where the kick is 200 km s-1 , the old neutron stars are slower than 
the new neutron stars for pre-supernova orbital periods greater than a few days. 
The mean speed of the new pulsars approaches that of the kick velocity at large 
values of pre-supernova orbital period. 
In order to reproduce the velocity magnetic-moment correlation we need to 
have the kick velocities take place in relatively wide systems ( orbital periods> few 
months). Pulsars arising from single stars will receive a kick upon formation and 
will be indistinguisable from the second-born pulsars in the binary systems, as 
will pulsars that escape after the first supernova event. The velocity magnetic-
moment correlation can thus be explained without the kick being in any way 
dependent on the magnetic field strength. An equally important result is that if 
pulsars do arise from close binaries (periods < few days) then the old pulsars will 
have velocities greater than the new pulsars which would violate the observed 
correlation. This result is true whether kick velocities occur or not. 
The pre-supernova orbital period distribution not only determines the ve-
locities of the pulsars but also affects the survival probability of the binary. As 
a further test of our model, we now examine the expected fraction of pulsars in 
binaries. The frequency of binary pulsars is extremely low. There are only 10 
out of over 400 known pulsars and of these only two are thought to contain two 
neutron stars. The binary frequency of massive stars is probably of order 50% 
hence the disruption probability of massive binaries must be very close to unity. 
In Figure 5.4 the binary survival probability is plotted as a function of pre-
supernova orbital period for the 3 different pre-supernova masses and two values 
of kick velocity considered for the velocities. It is clear that in order to gain the 
correct frequency of binary pulsars we need the majority of pulsar progenitor 
systems to have pre-supernova orbital periods of several weeks to months, not 
hours, and the kick velocity to be at least 100 km s-1 and probably closer to 
200 km s-1 . This is entirely consistent with the pre-supernova orbital period 
distribution required to produce the velocity magnetic-moment correlation. We 
suggest therefore, that wide binaries with orbital periods greater than about 100 
days do not undergo dramatic orbital period reductions during the final common 
envelope phase of their evolution ( cf. van den Heuvel 1983). Close binaries are 
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Figure 5.3a Mean speed of the "new" and "old" pulsars released from a binary 
system in which an randomly directed asymmetric supernova explosion takes 
place as a function of pre-supernova orbital period. The values of pre-supernova 
mass are as indicated on the Figure. The dashed and solid lines represent the 
velocity of the old and new pulsars respectively. The kick velocity has the value 
100 km s-1 . Both pulsars are assumed to have mass 1.4 M 0 and the effects of 
impact and ablation of the outgoing supernova shell on the companion star are 
ignored. 
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Figure 5.3b Mean speed of the "new" and "old" pulsars released from a binary 
system in which an randomly directed asymmetric supernova explosion takes 
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velocity of the old and new pulsars respectively. The kick velocity has the value 
200 km s-1 . Both pulsars are assumed to have mass 1.4 M 0 and the effects of 
impact and ablation of the outgoing supernova shell on the companion star are 
ignored. 
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expected to remain bound much more often than the wide binaries hence the 
binary pulsars with neutron star companions are expected to favour small orbital 
periods, as is observed for PSR 1913+16 and PSR 2303+46. 
5.4 The Pulsar Progenitor Population. 
We have shown above that the existence of wide binaries at the time of the 
second supernova is crucial to the model. However, the post-common-envelope 
distribution of orbital periods is difficult to determine observationally. Also, 
theoretical calculations of the effect of a common envelope on binary period are 
difficult to perform with any accuracy. The currently accepted range of post-
common-envelope periods is in the range of a few hours to a few days (van den 
Heuvel 1983). This is much lower than that required by our model. In this section 
we review the evidence for small orbital periods after the common envelope phase. 
The basis for the currently accepted range of post-common-envelope orbital 
periods comes mainly from a few objects with small orbital periods such as the 
binary pulsars with neutron star companions and the massive X-ray binaries. 
We have already shown that the small orbital periods of the two binary pulsars 
with neutron star companions is consistent with our model. The massive X-
ray binaries have orbital periods of only a few days and hence are unlikely to 
have post-common-envelope orbital periods much larger than this. How can we 
reconcile this with our model? The massive X-ray binaries are typified by masses 
of the giant star of rv 20 M 8 . Most pulsars probably originate from stars of 
smaller mass than this. Less massive binaries have larger orbital periods after 
the first common envelope phase (van den Heuvel 1983). 
Savonije (1983) showed that the lifetime of the massive X-ray binary phase is 
critically dependent on the orbital period, and, for orbital periods much greater 
than a week the time spent as a standard massive X-ray binary falls to zero. 
Hence the only massive X-ray binaries we expect to see are those with small 
orbital periods. van den Heuvel (1983) postulated that the number of massive 
stars wit? neutron star companions in large orbits could be as many as 10 to 100 
times the number of observable short-period massive X-ray binaries. 
The Be X-ray binary systems are probably more representative of the pulsar 
progenitor population than the massive X-ray binaries. It is well known that 
these systems have orbital periods which range from 16 to well over a 100 days 
( van den Heuvel and Rappaport 1987). Long-period Be X-ray binaries are less 
luminous in X-rays than the short-period systems because of a lower stellar wind 
density and higher wind velocity at the neutron star surface. As a result the long-
period systems are observationally selected against. Since many of the observed 
systems have orbital periods greater than 100 days we conclude that the majority 
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of Be X-ray systems probably have orbital periods prior to the common envelope 
phase of over 100 days. These systems are destined to enter a common envelope 
and it seems likely that substantial mass ejection will take place. 
To calculate the change in the orbital period during the common envelope 
phase we must know the specific angular momentum of the outgoing matter, a. 
The ratio of the final to initial orbital period is given by Vanbeveren et al. (1979) 
where P is the orbital period, M 1 the mass of the giant star and M the total 
mass of the system. The subscripts i and f refer to the initial and final conditions 
respectively. If the majority of the mass is lost from the B star in an isotropic 
manner then a is less than unity. If a l'J 1 is typical for B star binaries this only 
leads to a reduction in the orbital period of about a factor of two. If the majority 
of the matter is ejected from the surface of the star in the form of a wind then 
such values of a are not unreasonable. If, however, the majority of matter is 
lost from close to the neutron star surface then a is much higher and the orbit 
shrinks markedly. We suspect that, the wider the orbit, the less efficient mass 
transfer becomes from the giant to the neutron star. After the giant phase of the 
companion star the final orbital periods of typical B star binaries may then be of 
order 100 days. 
To summarize, the majority of pulsars produced from binaries probably orig-
inate from systems which have pre-common-envelope orbital periods of over 100 
days. If the giant stars in these systems lose a large fraction of their mass before 
exploding in the form of a wind then the pre-supernova orbital period will be of 
the correct order to reproduce the velocity magnetic-moment correlation and the 
correct fraction of pulsars in binaries. The fraction of pulsars which arise from 
single stars is uncertain and may well be of the order 50%. In principle this frac-
tion can be estimated by looking at the percentage of pulsars which belong to the 
low-field, low velocity class. For each pulsar in this class there should be another 
strong-field, high-velocity pulsar, so a very crude estimate of the percentage of 
pulsars which arise from binaries would be to double the percentage of low-field, 
low-velocity pulsars we observe. Caution should be exercised here as this simple 
estimate neglects the different lifetimes of the two classes of pulsars, the number 
of binaries which are disrupted in the first supernova event and selection effects 
which bias proper motion and pulsar surveys. 
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5.5 Field decay revisited. 
It is generally believed that the fields of pulsars decay with time, although the 
precise form of the decay law is uncertain, and the possibility of some residual 
field which does not decay seems likely. Our model suggests that pulsars have one 
of two different evolutionary histories and given this we re-examine the evidence 
for field decay. The three main pieces of evidence for field decay are the low 
derived fields of the binary and millisecond pulsars, the distribution of pulsars 
on the B-P diagram (Figure 5.1 ), and the plot of kinetic vs characteristic age for 
the radio pulsars. 
In order to obtain millisecond periods the mass accretion phase must last for 
rv 107 yrs. Therefore, millisecond pulsars must have been spun-up by low-mass 
companion stars which have left the main sequence and are hence very old. Field 
decay is strongly suggested by the fact their fields are generally 3-4 orders of 
magnitude below that of the general pulsar population. However, this does not 
imply that the fields of all pulsars decay as the millisecond pulsars have accreted 
matter and it is possible that this induces the field decay (van den Heuvel 1987). 
A theoretical model has been put forward for this by Blondin and Freese (1986) . 
It is difficult to determine whether fields always decay, or only as a result of mass 
accretion, as any object which has accreted a substantial amount of matter is 
necessarily very old due to the Eddington mass-limiting accretion rate ( van den 
Heuvel 1987). We now examine the remaining two pieces of evidence for field 
decay to see if it is possible to distinguish between these two possibilities. 
The distribution of pulsars in the B-P diagram reveals many pulsars with 
fields between 1011 and 1012 G and spin periods > 150 ms but virtually no pulsars 
with similar fields and periods < 150 ms. Such a distribution is consistent with 
the view that most pulsars are born with fields of between 1012 and 1013 G, 
initial periods of a few tens of milliseconds and possess fields which decay with a 
decay constant of rv 5 - 10 million years. However, our model predicts that many 
of the pulsars will have accreted matter before being released from their binary 
progenitors, and if this causes field decay then the distribution of pulsars on the 
B-P diagram could equally well be explained in this manner. In our model the 
deficit of weak-field pulsars with periods < 150 ms arises because these pulsars 
must lie beneath the spin-up line. The only other piece of evidence for field decay 
without mass accretion comes from the plot of kinetic vs characteristic age. 
In Figure 5.5a we reproduce the plot of kinetic age (T K) vs characteristic 
age (Tc) for the pulsars with known proper motions by Lyne et al. (1982). T he 
characteristic age of a radio pulsar should be equal to the kinetic age if there is no 
field decay, the spin period of the pulsar at birth is small and the pulsar acquires 
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Figure 5.5a. The median value of kinetic age, TK vs characteristic age Tc for 
the sample of pulsars with measured proper motions by Lyne et al. (1982). 
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Figure 5.5b. The median value of kinetic age, TK vs the release time TR for 
the sample of pulsars with measured proper motions by Lyne et al. (1982) (see 
text). Deviations from the linear relationship between TR and TK is evidence 
that fields decay once mass accretion has ceased. 
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its velocity upon formation. If this is true for all of the pulsars in Figure 5.5a then 
it would appear that fields decay. The errors on this plot are rather large as the 
value of kinetic age is only an estimate of the true kinetic age due to uncertainties 
in the place of origin of the pulsar and the unknown radial component of velocity. 
Our model predicts that the characteristic ages of the low velocity pulsars 
are not representative of the time since they acquired the bulk of their velocities 
as at that time they possessed spin periods of several hundred milliseconds. If 
fields only decay as a result of mass accretion, then we can estimate the time 
since release from the binary of the spun-up pulsars if we assume that they were 
on the spin-up line when they acquired their velocities. We define the time since 
release or "release time" (TR), as the characteristic age minus the characteristic 
age when on the spin-up line. These release times are plotted on Figure 5.5b 
against the kinetic ages as well as the error estimates taken from the original 
Lyne et al. (1982) data. If fields do not decay after the accretion of matter ceases 
then we expect the pulsars to be clustered around the line of equality T K == TR· 
For pulsars with very large release times we expect no relation between the release 
time and kinetic age as the galactic gravitational oscillation period is of the same 
order as the release time of the pulsar. We therefore should disregard the pulsar 
with the largest value of TR in Fig 5.5b. 
Examination of Figure 5.5b shows that there is perhaps slight evidence for 
field decay without mass accretion but the errors on the kinetic ages and the 
exact location of the spin-up line are such that it is at best weak. This could 
indicate that fields do not decay after mass accretion ceases or that the field 
decay slows appreciably after it decays by an order of magnitude or so. Similar 
conclusions have been reached by Taam and van den Heuvel (1986) , Srinivasan 
and Bhattacharya (1987), van den Heuvel et al. (1986), and Kulkarni, (1986). 
All of these studies concluded that there was some residual field which decays 
much more slowly than the original field of neutron stars. However, the cessat ion 
of field decay altogether after the end of mass accretion becomes a very attract ive 
way to explain the magnetic field of PSR 0655+64 which has a very cool ( and 
hence old) white dwarf as its companion. It also makes it easier to explain why 
the residual fields of PSR 0655+64 and the millisecond pulsars differ by more 
than an order of magnitude. More pulsar proper motions from surveys currently 
underway should help to resolve the issue of field decay. 
5.6 Discussion. 
In their simulation of the radio pulsar population Dewey and Cordes (1987) could 
not reproduce the velocity magnetic-moment correlation and their percentage 
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of binary pulsars was too high. We suggest that their inability to reproduce 
the correlation was due to the assumption that prior to the second supernova 
all systems which had entered a common-envelope were constrained to have an 
orbital period between 0.03 and 3 days. This assumption was motivated by the 
observed orbital periods of the two binary pulsars with neutron star companions 
and the difficulty of dealing with the common-envelope phase. We have shown 
that such a pre-supernova period range will not produce a correlation between 
the velocity and magnetic moment although longer period systems will. We also 
note that wider binaries would have decreased the percentage of binary pulsars 
obtained by Dewey and Cordes giving their model a better fit to observations, 
lending even more support to their conclusions that asymmetric explosions are , 
to a large extent, responsible for the origin of pulsar velocities. Further evidence 
for this comes from the eccentricities of the Be X-ray binaries ( van den Heuvel 
and Rappaport 1987). 
The idea of two classes of pulsars to explain the velocity magnetic-moment 
correlation has been previously suggested by Helfand and Tademaru (1977) and 
also by Radhakrishnan ( 1985). Helf and and Tademaru proposed that the high 
velocity pulsars arose from single stars or loosely-bound binaries as they do in our 
model, but their acceleration mechanism and their explanation of the fields of the 
high and low velocity pulsars differed from our model, as did their progenitors 
for the low velocity pulsars. Pulsars born into tightly bound binaries as in the 
Helf and and Tademaru model, ( orbital periods < 10 days?) will be released 
with high velocities at the time of the second supernova event because the orbit 
is unlikely to substantially widen during the course of its evolution (see Figure 
5.3). Our low velocity pulsars arise from wider period binaries. A number of 
these will be expected to disrupt at the time of the first supernova explosion if 
kicks are imparted to the neutron star. The fraction of systems which survive 
is reasonable, even for orbital periods of several months and kick velocities of 
100-200 km s-1 . This is because of the high mass of the companion star. Those 
which disrupt still produce two pulsars, both of which have high magnetic fields 
and large velocities. This reduces the fraction of pulsars in binaries, but this is 
desirable as the fraction of binary pulsars is so low. 
Radhakrishnan's model required all of the high velocity pulsars to arise from 
massive binaries where two pulsars are always produced and appear essentially 
the same. This model requires the majority of pulsars to arise from massive 
binary stars where the time interval between the first and second supernovae is 
not much larger than a field decay time. His model produced the low velocity 
pulsars from intermediate mass binaries in which the companion star of the pulsar 
is completely tidally disrupted and spins up the pulsar. We have combined aspects 
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of the three very different models of Helfand and Tademaru, Dewey and Cordes , 
and Radhakrishnan. Our high velocity pulsars originate from similar systems 
to those of Helfand and Tademaru, our pulsars are accelerated by asymmetric 
explosions and the low velocity pulsars have accreted matter. 
The low-mass X-ray binaries (LMXB's) and the low-mass binary pulsars 
(LMBP's) are somewhat of an anomaly. It is difficult to see how these systems 
could have remained bound after the supernova event which created the neutron 
star given that the mass of their companions are so low. Furthermore, the fields of 
the LMBP's are still quite strong despite their large ages. The standard solution 
to these problems is to invoke the accretion-induced collapse of a white dwarf 
where the explosion is symmetric (van den Heuvel and Taam, 1984). This at 
once solves the problem of disruption of the system and the strong fields of some 
of the systems. We have shown in Section 5.5 that it is possible that fields only 
decay as a result of mass accretion. If this is so then we can produce alternative 
evolutionary scenarios for the LMXB's and LMBP's which do not involve the 
accretion-induced collapse of a white dwarf. 
At ZAMS let us suppose that we have a binary system which has an extreme 
mass ratio with a ~ 8 M0 main sequence star and a 1 M0 companion. When 
the primary (initially more massive) star fills its Roche lobe the mass transfer 
is unstable because the orbit and Roche lobe shrink and runaway mass transfer 
ensues (Taam and van den Heuvel, 1984). A common envelope is formed and 
there is large mass loss from the system. The secondary thus accepts little of the 
matter from the primary. When the primary explodes as a supernova we assume 
that the newly formed neutron star receives a kick. The disruption probability 
will depend on the orbital period. The survival probabilility (f) of the binary is 
given by Sutantyo, (1978), 
f = 1 _ (1 +, )(V/ + 1) - 2(, + 8) 
2(1+,)V1.: (8) 
where , is the ratio of the companion mass to the neutron star mass, 8 is the 
ratio of the pre-supernova star mass to the neutron star mass and Vk is the ratio 
of the kick velocity to the orbital velocity at the time of the explosion. 
(i) The Short Period Systems. 
If, at the time of the explosion, the orbital period is only of the order a 
day, the mass of the companion about a solar mass and a kick velocity of 200 
km s-1 is imparted to the neutron star of 1.4 M0 whose progenitor is 4 M0 
then the survival probability is about 1/3. It is interesting to note that in this 
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case at least the introduction of a kick velocity actually increases the survival 
probability of the binary. The orbital period will still be of the order a day 
and when the companion becomes a giant, (in a few by 109 years) the orbit will 
circularize. It will now resemble a LMXB. If the field decays only as a result of 
mass accretion then at first the neutron star could well exhibit X-ray pulsations, 
but, as the mass accretion continues these will disappear as the field decays. If 
the mass accretion lasts for several million years then the neutron star could well 
be spun-up to millisecond periods. When mass transfer ceases it will become a 
millisecond pulsar which may destroy its companion by incident radiation such as 
the eclipsing pulsar is believed to be doing (Fruchter, Stinebring and Taylor 1988, 
Phinney et al. 1988, Kluzniak et al. 1988, and van den Heuvel and van Paradijs, 
1988). The mass of the companion at the end of the mass transfer phase will be 
about 0.4 M0. Systems formed in this way will acquire large runaway velocities 
("" few hundred km s-1 ) as a result of the rapid mass loss at the time of the 
supernova explosion. They will attain large scale heights such as those observed 
for the LMXB's. This model seems to be an excellent way to make objects like Her 
X-1, which have both large magnetic fields and very large Z heights. This model 
predicts larger runaway velocities for the short-period LMBP's and LMXB's than 
accretion-induced collapse models due to a larger amount of mass being ejected 
at the time of formation of the neutron star. 
(ii) The Long Period Systems. 
If at the time of the supernova explosion the orbital period is 200 days, the 
companion mass 1.2 M0, the kick velocity 100 km s-1 , and the pulsar progenitor 
and remnant 4.0 and 1.4 M0 respectively then the survival probability is 0.1. 
The runaway velocities of the systems which remain bound are only about 50 km 
s- 1 . The orbit is likely to be highly eccentric and have an increased semi-major 
axis since the orbit in many cases will be almost disrupted. If the semi-major 
axis increases by a factor of two, and half the mass of the system is lost, then 
the orbital period will increase by a factor of four, in our example, to 800 days . 
\i\lhen the companion becomes a giant the orbit will circularize but the mass 
trans£ er phase will not last as long as it would for the shorter period systems. 
Mass transfer and loss are likely to further widen the orbit and the final system 
could well resemble the binary pulsar PSR 0820+02 which has an orbital period 
of 1232 days, a companion mass of 0.4 M0 and a velocity in orbit of only a few 
km s- 1 . The orbit is only very mildly eccentric ( e = 0.012) and the magnetic field 
of the pulsar is 3.3 x 1011 G. The duration of the mass transfer phase will depend 
on the value of the orbital period and systems with shorter orbital periods may 
have their neutron stars spun-up to millisecond periods. Such systems could well 
resemble the binary millisecond pulsar PSR 1953+29. We do not expect to see 
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many binary pulsars like PSR 0820+02 because of the small survival probabilility 
of the binary, but out of over 400 known pulsars it is the only such system. Thus 
within the framework of our model it is possible to explain all of the LMPB's 
and the LMXB 's without the need for the kick to "disappear" or to invoke the 
accretion-induced collapse of a white dwarf. This model predicts that there should 
be a large population of millisecond pulsars at large scale heights. 
(iii) Birthrates of LMXB's and LMBP's. 
In our model, we expect the short-period LMBP's and LMXB's to descend from 
ZAMS binaries with primary and secondary masses of about 8 and 1 M0 resec-
tively. Such systems are quite common, and from Abt (1983) we expect that 
roughly 20 % of all B star binaries have orbital periods of the order a day. The 
fraction of these systems with primaries of rv 8-10 M0 is probably around 30%. 
Abt and Levy (1978) estimate that the distribution of secondary masses follows 
N(m2 ) ex m 0 .4. Therefore about 10 % of these short period binaries will have 
secondaries suitable for the formation of LMXB's. If the survival probability of 
the system after the first SN event is of order 10%, and the majority of early 
type stars are members of binaries, then it follows that for every normal pulsar 
formed, we should form 0.2 x 0.3 x 0.1 x 0.1 = 0.0006 LMXB's and LMBP's. 
The birthrate of pulsars is about 1/(30-120 yrs) (Lyne et al 1985) and there-
fore the birthrate of LMXB's in our model is 1/(50-200 x 103 yrs). This is a 
factor of 150-40 larger than the actual birthrate of LMXB's calculated by Cote 
and Pylyser (1989) but is consistent with the birthrates of LMBP's and reflects 
the general descrepency between the birthrates of LMXB's and LMBP's (Kulka-
rni and Narayan 1988). It may be that short-period LMXB's are not formed in 
this manner at all and that evaporation of the secondary takes place after the 
first SN event ( van den Heuvel and van Paradijs 1988) thus reducing the number 
of LMXB's produced. If this is the case it may be that the much rarer accretion-
induced collapse of a white dwarf is responsible for the formation of the LMXB's. 
Alternatively, it may be that the lifetimes of the LMXB's are overestimated. Cote 
and Pylyser have postulated that a random fluctuation in the radius of the sec-
ondary in a LMXB may halt mass transfer for long enough for the neutron star 
to switch on as a pulsar. Once this occurs the pulsar may partially evaporate the 
companion, ending the life of the LMXB. This would mean that the birthrate of 
the LMXB 's is severely underestimated. 
Conclusions. 
We have shown that the correlation between the space velocity and magnetic 
moment of the radio pulsars can arise from the different evolutionary histories of 
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pulsars which accrete matter from their companions and those which do not. To 
summarise, if we assume that 
• > 50 % of early type stars are in binaries; 
• Upon formation neutron stars receive a randomly-oriented kick of rv 100-200 
km s-1. 
' 
• Binary systems which have relatively wide orbits (P rv 20d - 1000d) do not 
undergo spiral in but remain wide until the second supernova event; 
• Magnetic fields of neutron stars do not decay unless they accrete matter; 
then it follows that: 
• Most pulsars arise from B-type stars. 
• There are two populations of pulsars: (i) those which have large magnetic 
fields (1012 - 1013 G), high space velocities and arise from either single stars 
or the second star in a massive binary to explode, and (ii) those which have 
accreted matter and been partially "recycled". The pulsars in this second 
group have lower space velocities and magnetic fields (1011 - 1012 G) and 
were the first-born neutron stars in a binary. 
• Very few binary pulsars are formed. 
• It is possible that Low-mass binary pulsars and Low-mass X-ray binaries can 
be formed by direct Supernova-collapse of massive stars. 
The model provides an explanation of the frequency and characteristics of the 
binary radio pulsars, and the observed periods and eccentricities of the Be X-ray 
binary systems. It eliminates the need for an additional class of pulsars in order 
to explain the velocity magnetic-moment correlation and removes the dependence 
of asymmetry on the initial magnetic field strength. It requires no "special cases" 
where the kick does not always act in order to produce the LMXB's and LMBP 's 
and still produces slow pulsars despite the fact that these once received large 
kicks. In addition, the spun-up pulsars are first "seen" with periods of several 
tenths of a second. Such a class of pulsars has been postulated by Vivekanand and 
Narayan (1981) in order to explain the paucity of short period pulsars amongst 
the observed population. The model allows all pulsars to be born with periods 
of a few tens of milliseconds. 
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Chapter 6: 
Magnetic Field Decay and the 
Origin and Initial Distribution of 
Pulsar Velocities. 
6.1 Introduction. 
In chapter 5 we presented a new model for the origin of pulsar velocities and 
the evolution of massive binaries, motivated by the observed correlation between 
the velocity and magnetic field of radio pulsars. In the model, a reasonable frac-
tion of pulsars were produced from intermediate-mass binaries. These possessed 
orbital periods of between several weeks and several months prior to the second 
supernova explosion. This differs from the standard evolutionary scenario for 
massive binaries (van den Heuvel 1987), in which the final orbital period prior to 
the second supernova explosion is only of the order a day. 
In our model all pulsars received impulsive "kicks" of order 200 km s-1 as 
the result of asymmetric supernova explosions. This disrupted almost all of the 
binaries at the time of the second supernova event. Each binary produced two 
"runaway" pulsars which possessed quite different properties. The older pulsar 
had a weak, decayed field and a slow velocity similar to its orbital velocity before 
the explosion. The young pulsar possessed a high field and, as the result of the 
kick it received at birth, a large velocity. In this manner, the low fraction of 
pulsars in binaries could be explained, as well as the velocity-magnetic moment 
correlation, and the orbital characteristics of the eccentric Be X-ray binaries. 
It was also found that if the magnetic fields of radio pulsars are reduced 
by the accretion of matter, there is no evidence for field decay in radio pulsars. 
In this chapter, with the addition of the newly-discovered binary pulsar PSR 
1820- 11 and our proper motion data added to that of Lyne, Anderson and Salter 
(1982), we re-examine the validity of the model presented in chapter 5 and its 
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implications for the origin and distribution of pulsar velocities, and magnetic field 
decay. 
We begin in section 6.2 by comparing the kinetic ages of pulsars with their 
characteristic ages. We find that the major evidence for and against field decay 
and injection comes from a handful of pulsars with large characteristic ages. 
Two of these are discussed in some detail, and we find that their derived initial z-
heights are both more consistent with an infinite decay timescale, than a moderate 
(2-9 Myr) one. 
In section 6.3 we demonstrate that our data reinforces the correlation be-
tween velocity and magnetic moment of radio pulsars observed by Anderson and 
Lyne (1983). We then discuss the selection effects which may enhance the cor-
relation and the possibility that it is spurious. We conclude that the correlation 
is real, although it is slightly enhanced by selection against old, high-velocity 
pulsars. We also show that the low-field, low-velocity pulsars are almost cer-
tainly not the descendents of high-field pulsars, and that there is no selection 
effect against high-field, low-velocity pulsars. The velocity distribution of young, 
high-field pulsars favours high velocities. 
In section 6.4 we attempt to determine the initial velocity distribution of 
pulsars. We find that the distribution of high-field pulsars strongly favours high 
velocities, and that the distribution of low-field pulsars appears to favour low 
velocities, although our knowledge of high-velocity, low-field pulsars is limited by 
selection effects. We find that the relative birthrates of high- and low-velocity 
pulsars is determined by the field decay timescale. In section 6.5 we discuss the 
binary pulsar PSR 1820- 11, and conclude that its progenitor system must have 
been wider than the standard model of binary evolution allows. We also find that 
the progenitor system is probably very representative of that from which many 
pulsars descend, and that the existence of this pulsar makes the binary break-up 
theory less tenable. Finally, in section 6.6, we discuss our results. The model 
presented in chapter 5 for the evolution of massive binaries and the origin of pulsar 
velocities appears to be consistent with the observations with a minimum of ad 
hoc assumptions. We conclude that the initial distribution of pulsar velocities 
favours high velocities , and that pulsar fields do not decay spontaneously, but 
may be reduced by mass accretion. 
6.2 The Kinetic Ages of Pulsars. 
Historically, the decay of pulsar magnetic fields has been inferred by the 
distribution of pulsars in the P-P and kinetic age vs characteristic age diagrams, 
(Lyne, Ritchings and Smith 1975, Lyne, Anderson and Salter 1982) and more 
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recently by the the extremely low magnetic fields ("' 108 G) of the millisecond 
pulsars. The distribution of pulsars in the z-characteristic age plane also provides 
some evidence for field decay (Helf and and Tademaru 1977). It has been found 
necessary to invoke a constant field strength for the millisecond pulsars, the binary 
pulsar PSR 0655+64 and the neutron star in Her X-1. The normal solution to 
this has been to invoke a two-component field (Kulkarni 1986, Srinivasan and 
Bhattacharya 1987, Taam and van den Heuvel 1986). The two components are 
the crustal field, which is assumed to decay on a timescale of a few million years , 
and the core field, which is essentially non-decaying. One of the main problems 
with this model, is that it does not easily explain why the core fields of the 
millisecond pulsars are three and a half orders of magnitude below that of Her 
X-1, and one and a half orders of magnitude below that of PSR 0655+64. 
In Chapter 5 we demonstrated that all of the observed magnetic fields of 
radio pulsars could be explained by a model where fields only decayed as the re-
sult of mass accretion, and some fraction of pulsars were injected into the general 
population with a large characteristic age. This could explain the distribution of 
pulsars in the B-P diagram, the discrepency between the kinetic and characteris-
tic ages of pulsars, and the large differences between the fields of the millisecond 
pulsars and objects like Her X-1. We will now compare the kinetic ages of the 
pulsars from our proper motion survey with their characteristic ages to see if this 
model remains valid. 
The kinetic age of a radio pulsar, Tk provides an estimate of the time since 
the pulsar acquired its velocity. If the lifetime of the pulsar is small compared to 
the oscillation period in z, then the kinetic age of a pulsar is given by 
Tk = z/z (6.1) 
where z is the distance from the galactic plane, and the dot represents its time 
derivative. For pulsars with a small galactic latitude, a good estimate of the 
kinetic age is given by equation 6.2 
Tk = bjb (6.2) 
where b is the galactic latitude of the pulsar. The kinetic age is essentially in-
dependent of the distance to a pulsar, and close to its true age if the pulsar 
acquired its velocity at birth, was born near the galactic plane, and has a small 
galactic latitude. Unfortunately, the progenitors of pulsars are not const rained 
to the galactic plane, but have a scale height of rv70 pc. Thus in order for the 
kinetic age to accurately reflect the true age, it is desirable for the z-height to 
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be large compared to the uncertainty in the location of the birthplace. However, 
at large z-heights, the z-velocity becomes more uncertain due to the increased 
contribution from the unknown radial component of velocity. 
The most commonly used estimate of the age of a pulsar is provided by the 
characteristic age Tc 
Tc= P/(2F) (6.3) 
where P is the pulsar period. The characteristic age of a pulsar is close to the 
true age if the pulsar's magnetic field does not decay, the current period is large 
compared to the period at birth, and the braking index is 3. A comparison of the 
kinetic and characteristic ages therefore has the potential to constrain either the 
initial spin periods or the magnetic fields of radio pulsars. If the characteristic 
age is larger than the kinetic age, this may be evidence that the field has decayed, 
or the pulsar was born with a large initial period (ie injected). 
The characteristic ages ( assuming no field decay) and kinetic ages of the 
pulsars in our sample are gived in Table 6.1. The range of kinetic ages shown 
assumes an uncertainty in the initial z-height of 70 pc. If fields decay, then the 
characteristic age is related to the true age t by equation (6.4). 
i=-ln 2-+1 Td ( TC ) 
2 Td 
(6.4) 
Table 6.1: Kinetic Ages. 
. 
PSR Vz aVz z b ab b/b TC Tkmin - Tkmax 
name km/s km/s pc mas/yr mas/yr Myr Myr Myr 
0740-28 - 173 6 - 64 -24.2 0.8 0.37 0.15 0.0-0.8 
0833-45 -34 4 -24 - 14.2 1.7 0.7 0.01 0.0-3.1 
1426-66 - 72 30 - 197 - 7.2 3.0 2.7 4.49 1.2-6.4 
1449-64 - 116 10 - 170 - 11.1 0.9 1.47 1.04 1.0-2.2 
1451-68 21.5 0.6 - 65 10.3 0.3 - 3.0 42.3 >28* 
1600-49 380 106 178 19.2 5.3 0.47 5.12 0.2-1.0 
* see text 
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In our sample, there are two pulsars (PSR 0833-45 and PSR 0740-28) whose 
characteristic ages are so short that we can derive very little information about 
the decay of pulsar fields from them. The comparison of the characteristic and 
kinetic ages of PSR 1600- 49 requires an extremely small field decay timescale 
of < 0.5 Myr. We treat this result with some caution however, as this pulsar 
possessed the unusually large derived transverse velocity of 570 km s-1 and the 
greatest uncertainty in its proper motion of all the pulsars in our sample. For 
the remaining three pulsars, two (PSR 1449-64 and PSR 1426-66) have kinetic 
ages which are fairly close to their characteristic ages, but for PSR 1451- 68 b/b is 
negative. That is, the apparent kinetic age is negative. The kinetic age given in 
Table 6.1 assumes that the z-component of the pulsar velocity has gone through 
a half-cycle of oscillation in the galactic potential. We shall return to a discussion 
of this pulsar shortly. 
In Figure 6.1 we plot the kinetic ages of the pulsars in our sample together 
with those of the Lyne, Anderson and Salter (1982) against their kinetic ages. 
The error bars shown include an uncertainty of± 70 pc in the birthplace of each 
pulsar. For individual pulsars, the comparison of the two ages is inconclusive. 
However, we might expect roughly half of the pulsars to lie on either side of the 
line of equality Tk = Tc, if pulsar fields are constant, and there is no injection. If 
fields do decay on a given timescale, we might expect half of the pulsars to lie on 
either side of the appropriate curve which represents the expected trajectory of 
a pulsar for a given decay timescale derived from equation 6.4. 
The distribution of pulsars in Figure 6.1 is consistent with a field decay 
timescale of around 5 Myr. However, among the pulsars with characteristic ages 
< 10 Myr there is little evidence for field decay. Indeed, the trajectories of 
pulsars do not depart significantly from the line of equality Tk = Tc for field 
decay timescales of rv5 Myr until Tc "" 10 Myr. At lower characteristic ages, the 
unknown initial z-height is a major source of uncertainty. Thus we must look to 
the pulsars with large characteristic ages for evidence of field decay. In chapter 
5 we suggested that if these pulsars had been injected into the pulsar population 
with intermediate spin periods, and large characteristic ages, field decay was no 
longer required. However, one potential problem for the constant field model is 
that low-field, injected pulsars will continue to operate as radio pulsars for ""108 
years after they acquire their velocities even if they are injected. If they possess 
low velocities, then they will not rise to large z-heights, but oscillate about z = 0 
on a timescale which will be dependent on their initial z-velocity and z-height. 
For an initial z-velocity of 20 km s- 1 the period of oscillation is about 80 Myr. 
Therefore, if pulsar magnetic fields do not decay, we expect a fair fraction of those 
pulsars with large characteristic ages and low z-velocities to be approaching the 
109 
0 
0 
Ir 
11 TD= 5 yrs 
11 
11 
11 
0 11 
~ 11 
11 
1W 
,..----.. 11 
L 11 ~ 11 • 2 
.....__.,, 
r I 
~ I • ~ J. 
.II 
1, I 
r I 
1 I 
I .... I J. I I 
.... 
J 
. 
0 0.1 1 10 100 1000 
Tc (Myr) 
Figure 6.1 The kinetic ages of pulsars Tk plotted against their characteristic 
ages Tc. The pulsars from our sample are indicated by crosses and have bold 
error bars. The pulsars from the Lyne, Anderson and Salter (1982) survey are 
indicated filled circles and their error bars by dashed lines. The two solid lines 
show the expected trajectories of pulsars if the field decay timescale is TD = 5 
Myr and infinite ( Tc = Tk), 
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galactic plane with negative kinetic ages. If fields do decay, then most radio 
pulsars will cease to operate after only a few decay timescales. If this is the case, 
they will not have had time to change direction before they die, and as a result 
should all be heading away from the galactic plane with positive kinetic ages. 
A closer inspection of the pulsars in the sample of Lyne, Anderson and Salter 
( 1982) reveals that of the seven pulsars with characteristic ages greater than 20 
Myrs, all except one have errors in their z-velocity greater than its magnitude 
(see Table 6.2). The sole exception has a z-height of only 3 pc and a characteristic 
age of 3.36 x 109 years. It is possible therefore, that many of these are pulsars 
are approaching the plane with non-decaying fields. 
Table 6.2: 
z-veloci ties of pulsars with Tc > l O Myr. 
PSR Vz aVz z b TC 
name km/s km/s pc deg Myr 
0301+19 -85 68 -307 -33.3 17.0 
0809+74 23 62 89 31.6 122.2 
0950+08 17 96 62 43.7 17.5 
1237+25 -1353 1637 329 86.5 22.8 
1451-68 21.5 0.6 -65 -8.5 42.3 
1541+09 109 108 932 45.8 27.6 
1604-00 -7 75 209 35.5 21.8 
1944+17 -11 12 -26 -3.5 290.4 
1952+29 -38 13 3 0.8 3363.3 
2016+28 -6 14 -91 -4.0 59.2 
In our sample there was only one pulsar with a characteristic age greater than 
20 Myr, PSR 1451- 68. Interestingly, this pulsar also possesses a negative kinetic 
age. We are fortunate, in that this pulsar has an accurate distance determination 
from a parallax measure1nent and a very accurately known proper motion. This 
allows us to calculate its z-height and transverse velocity to a rare degree of 
precision. Unfortunately, the radial component of velocity remains unknown. 
Could it be that this pulsar is actually receding from the plane due a large 
component of radial velocity? In order for this to be the case, the unknown 
component of velocity would have to be 130 km s-1 . This is a factor of two 
larger than the transverse velocity and hence rather unlikely. Furthermore, of 
111 
the six pulsars with magnetic fields less than 5 x 1011 G, all have transverse 
velocities less than 70 km s- 1 . 
In Figure 6.2 we plot the z-height of the PSR 1451- 68 against time from 50 
Myr ago until the present epoch, using a realistic model of the galactic potential. 
In our model the projected mass density of the galactic disk is taken to be 104.7 
M8 kpc-2 , and the scale height of the mass distribution is taken to be 300 pc. 
In the same Figure we also plot the z-height vs time if the unknown component 
of radial velocity has the value ± Vr / v'2 = ±48 km s-1 . Several times are also 
indicated in the Figure. Two of these correspond to the true age of the pulsar if 
the field decay timescale is 2 and 9 Myrs. The characteristic age is also shown, 
as well as the time since PSR 1451- 68 was on the spin-up line if the pulsar's field 
is not decaying, referred to in chapter 5 as the release time, TR, 
For a decay timescale of 2 Myr the true age is only rv3 Myr. This places the 
initial z-height of the pulsar above lzl = 130 pc. For decay timescales of rvlO Myr 
the initial z-height is more like -200 pc. The scale height of OB stars, the pulsar 
progenitors, is only 70 pc, although we are reminded that the Crab pulsar was 
born at z=200 pc. Hence birth at such a large z-height is not impossible, just 
improbable. However, it is interesting to note that if PSR 1451-68 was released 
from near z=O, and magnetic fields do not decay, then its spin period upon release 
would place it almost on the spin-up line. Unfortunately, the mass density of the 
disk is not known to better than about a factor of two. If the mass density of 
the galactic disk is p, then the oscillation period is proportional to p-1 / 2 . If the 
value we used for the mass density is too large by a factor of two, then the initial 
birthplace of the pulsar is at even greater lzl for field decay timescales of 2-10 
Myr. The time at which the pulsar crossed the galactic plane would also increase, 
and be closer to the characteristic age than the release time, TR. 
Although the initial z-height of PSR 1451- 68 remains unknown, the magnetic 
field strength, characteristic age, proper motion and z-height of the pulsar are 
certainly more consistent with it being a recycled pulsar launched from near 
lzl = 0 whose field is not decaying, than a pulsar whose field is decaying. 
The other pulsar with a characteristic age greater than 20 Myr and with a 
small error in its z-velocity is PSR 1952+29. Even an unknown radial component 
of velocity of 1000 km s-1 could not change the z-velocity of this pulsar by more 
than 14 km s-1 . This pulsar has an extremely long characteristic age of 3.363 x 109 
yr. From equation (6.4) even a field decay timescale of 2 Myr makes PSR 1952+29 
at least 7.5 Myrs old. The z-velocity of -38 ± 13 km s-1 places the birthplace of 
this pulsar at at least 200 pc, and for field decay timescales of 9 Myr more like 
500 pc. However, if the field decay timescale is infinite, a birthplace much closer 
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Figure 6.2 The z-height of the pulsar PSR 1451- 68 against time from 50 Myr 
ago until the present epoch. The three curves represent the z-height of the pulsar 
for three values of the unknown radial component of velocity. Also indicated by 
dashed lines are a series of times. These indicate the birthplace of the pulsar if 
the field decay timescale is infinite, 2, or 9 Myr. The time since the pulsar was 
on the spin-up line is also shown if the field is not decaying referred to as TR, 
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to the galactic plane is possible. This is another example of a pulsar with a large 
characteristic age, which must have a birthplace at unusually high lzl if pulsar 
fields are decaying on timescales of between 2 and 9 Myr. There are only two 
pulsars with accurately known z-velocities and characteristic ages greater than 20 
Myr. If the field decay timescale is 2 Myr, and the pulsar progenitor population 
has a scale height of 70 pc, the a priori probability that these pulsars would have 
initial z-heights of > 130 and > 200 pc is < 0.01. If the field decay timescale is 9 
Myr, then the probability is less than 0.001. We conclude that the fields in these 
pulsars are not decaying. 
We have demonstrated that the pulsars with small characteristic ages are 
poor tools for discerning the field decay timescale of radio pulsars. However, if 
the fields of pulsars are not decaying, then we expect a reasonable fraction of the 
pulsars with large characteristic ages to be approaching the galactic plane. There 
are only two cases where pulsars have characteristic ages greater than 20 Myr, 
and a z-velocity less than its probable error, these pulsars are both approaching 
the galactic plane. Furthermore, if their fields are decaying on 2-9 Myr timescales, 
their derived ages place them at unusually large z-heights. We conclude that if 
pulsar fields do decay, then it takes place on a very long timescale, or ceases upon 
reaching some plateau value. 
6.3 
The Velocity-Magnetic Moment Correlation. 
The velocity-magnetic moment correlation is central to our model for the ori-
gin of pulsar velocities. With the addition of our data, the correlation observed 
by Anderson and Lyne (1983) is maintained. In Figure 6.3 we plot the trans-
verse velocities of 32 pulsars with known proper motions against magnetic field 
strength. There are no pulsars with magnetic field strengths less than 5 x 1011 G 
which have transverse velocities greater than 70 km s-1 and only two pulsars 
with fields greater than 7 x 1011 G which have velocities less than 90 km s-1 . 
There is no doubt that a correlation is observed, but could it be the result 
of small-number statistics or selection effects? How accurately does the observed 
velocity distribution reflect the initial distribution of pulsar velocities? Anderson 
and Lyne (1983) suggested that the absence of pulsars from the top left-hand 
corner of the diagram (ie high velocities and low fields) could be explained in 
the following manner: If pulsar fields decay as the standard model suggests, then 
low-field pulsars are the descendents of high-field pulsars. Therefore, in order 
for a pulsar to find its way into the top left-hand corner of the diagram, it must 
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Figure 6.3: The derived transverse velocities VT, of 32 pulsars plotted against 
their derived magnetic field strengths. The pulsars marked by crosses are from 
our survey, and the remainder from Lyne, Anderson and Salter (1982). 
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possess a high velocity and be very old. This displaces it a long way from the 
galactic plane, and precludes it from proper motion surveys. As Anderson and 
Lyne pointed out, the major difficulty arises when trying to explain the absence 
of pulsars from the bottom right-hand corner of the diagram (ie high fields and 
low velocities). 
An explanation for this has been proposed by Stollman and van den Heuvel 
(1986). They argue that there is some minimum angle that pulsars must traverse 
in the duration of a proper motion survey before their proper motions can be de-
termined. Therefore, distant pulsars with low transverse velocities cannot have 
their proper motions determined, but distant pulsars with high transverse veloc-
ities can. High-field pulsars are generally more luminous than low-field pulsars, 
and as a result, distant pulsars with known proper motions possess high fields 
and high velocities. 
Stallman and van den Heuvel performed Monte Carlo simulations of the 
pulsar population in order to discern whether or not the correlation could be 
the result of selection effects. In their work they performed 100 Monte Carlo 
simulations of the pulsar population. After allowing for selection effects, they 
determined the correlation coefficient between transverse velocity and magnetic 
field strength of 30 pulsars in each of their simulations. They concluded that 
although there were two selection effects which induce a correlation, they are 
insufficient to fully account for that observed by Anderson and Lyne (1983). 
They postulated that there were two populations of pulsars: one with high fields 
and large velocities, and the other with low fields and low velocities. Whilst 
this is consistent with the model we presented in chapter 5, it deserves further 
investigation, as their conclusions are model dependent. 
The "minimum proper motion" selection effect implemented in the model 
of Stallman and van den Heuvel is invalid. Whilst it is true that there is some 
minimum proper motion that one can discern when measuring pulsar proper 
motions, there is no a priori knowledge of the proper motion of any pulsar before 
one begins a proper motion survey. The proper motion only becomes known after 
years of careful observation. Pulsars which fail to traverse some minimum angle 
are not discarded, but have an upper limit placed on their proper motion, and 
hence velocity. In real pulsar proper motion surveys, pulsars are selected on the 
basis of their flux and distance, not proper motion. After all, that is what we 
are trying to measure. In our survey, although the original sample contained 10 
pulsars, our sample was reduced to 6 because the radio flux of four of the pulsars 
was so weak that the phase could not be determined. Even if we had we been 
able to observe over a longer time baseline, this would not have helped us to 
determine the proper motions of these pulsars. 
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We have repeated the Monte Carlo simulations of Stollman and van den 
Heuvel with a very similar computer model of the Galaxy. The major difference 
between our model and that of Stollman and van den Heuvel's is that we select 
pulsars only on the basis of their radio flux and distance, not their proper motion. 
In their Monte Carlo simulation of the pulsar population, Stollman and van 
den Heuvel set up a model galaxy in which pulsars were born once every 1000 
years for 1.5 x 107 years. Their pulsars were born somewhere in a box 6 kpc 
by 6 kpc by 0.1 kpc, centred on the Sun. The magnetic fields of their pulsars 
decayed on a timescale of 2 x 106 yr, and their luminosity was proportional to 
the square of their magnetic field strengths. The distribution of initial magnetic 
field strengths was a gaussian with a mean (in the log) of 12.5 G and a standard 
deviation ( again in the log) of 0.3. The pulsars in their model acquired a velocity 
selected from a gaussian probability distribution with a standard deviation of 100 
km s-1 in each of three orthogonal coordinates, and their final positions were 
calculated from a simple linear relation. All pulsars below a certain minimum flux 
and proper motion were then discarded, and a proper motion "survey" was then 
carried out on the remaining pulsars. Thirty of these were chosen at random and 
the correlation coefficient between velocity and magnetic moment was calculated. 
This process was repeated 100 times and a histogram of the correlation coefficients 
was produced. Only three of the 100 correlation coefficients were greater than 
that observed for the sample of Anderson and Lyne (1983). For a complete 
description of their model, see Stollman and van den Heuvel (1986). 
Apart from the major difference in the selection criteria, most of the assump-
tions upon which our computer model is based are virtually identical to those of 
S tollman and van den Heu vel. There are some minor differences, and these are 
outlined below. 
• Instead of generating pulsars in a box 6 kpc x 6 kpc x 0.2 kpc with the Sun at 
the centre, we generate our pulsars in a disk of 11 kpc radius and a scale height 
of 50 pc. 
• We do not invoke any "death line". 
• We invoke a period-dependent selection effect which reduces the effective flux 
of short-period pulsars. (ie L ex [1 + ( 0J )2]-1 / 4 where P is the period in seconds 
after Lyne, Manchester and Taylor (1985)) 
• Our luminosity function follows L ex B 2 strictly, unlike the model of Stollman 
and van den Heuvel which introduces some scatter about this relation. 
In Figures 6.4 and 6.5 we plot the transverse velocities and magnetic field 
strengths of the pulsars produced from our model, with a magnetic field decay 
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Figure 6.4 The transverse velocity, magnetic field diagram for radio pulsars 
generated in a Monte Carlo simulation of the galaxy. The assumed magnetic 
field decay timescale is 2 Myr. The pulsars represented by circles satisfy the 
selection criteria of our model and that of Stollman and van den Heuvel (1986), 
whereas those represented by stars only satisfy our model, and those represented 
by crosses only appear in the model of Stollman and van den Heuvel. We believe 
that our model is more representative of the selection effects which affect pulsar 
proper motion surveys. 
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Figure 6.5 The transverse velocity, magnetic field diagram for radio pulsars 
generated in a Monte Carlo simulation of the galaxy. The assumed magnetic 
field decay timescale is 9 Myr. The pulsars represented by circles satisfy the 
selection criteria of our model and that of Stallman and van den Heuvel (1986), 
whereas those represented by stars only satisfy our model and those represented 
by crosses only appear in the model of Stallman and van den Heuvel. We believe 
that our model is more representative of selection effects which affect pulsar 
proper motion surveys. 
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timescale of 2 Myrs and 9 Myrs respectively. In the Figures, the pulsars rep-
resented by circles satisfy the selection criteria for both our model and that of 
Stollman and van den Heuvel. The pulsars indicated by the crosses are ignored 
by our model but included by Stollman and van den Heuvel, and the pulsars rep-
resented by the stars are ignored by Stollman and van den Heuvel, but included 
in our sample. It is obvious from the Figures that the Stollman and van den 
Heuvel model ignores many pulsars which would appear in a real pulsar proper 
motion survey as upper limits, and includes many pulsars which one may not at-
tempt to measure because they are too distant. This has the effect of artificially 
inducing a correlation between velocity and magnetic moment in the "detected" 
model pulsars. 
Examination of the errors quoted in Lyne, Anderson and Salter (1982) 
demonstrates that there is only one pulsar with a transverse velocity greater 
than 30 km s-1 which has an error greater than its quoted proper motion. The 
selection effect applied by Stollman and van den Heuvel is therefore only appli-
cable to one pulsar in the entire sample, and as a result, is unimportant. In 
their simulations, Stollman and van den Heuvel found that this minimum proper 
motion selection effect was much more important than the limiting flux selection 
effect. We conclude therefore, that the correlation is even less likely to be spu-
rious or the result of selection effects than suggested by Stollman and van den 
Heuvel (1986). 
If the low-field, low-velocity pulsars are the descendents of high-field, low-
velocity pulsars, then in the past they would have been brighter and certainly no 
further from the galactic plane than they are at present. As pulsars in proper 
motion surveys are selected on the basis of their flux and distance, there should be 
more high-field, low-velocity pulsars present than low-field, low-velocity pulsars. 
(If fields cease decaying after reaching some plateau value, then this argument 
is weakened.) The fact that there isn't tells us that the low-field, low-velocity 
pulsars have not evolved from high-field pulsars, but rather been injected into the 
interstellar medium with low fields and low velocities. The velocity distribution 
of young, high-field pulsars strongly favours high velocities. We will discuss this 
further in section 6.4. 
6.4 The Distribution of Pulsar Velocities. 
The initial distribution of pulsar velocities determines the fraction of neutron 
stars retained by globular clusters, and the distribution of young and old neutron 
stars in the galaxy. It also determines the level of asymmetry required in super-
novae, or the orbital periods of pre-supernova binaries to achieve such velocities. 
Although the observed distribution of pulsar velocities (Figure 6.6) favours high 
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as derived from radio interferometry. 
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velocities, this may not accurately represent the initial distribution. In order to 
accurately map the observed, to the initial distribution, we must allow for the 
biases which affect pulsar proper motion surveys, and consider the birthrates of 
the pulsars which make up the sample. 
Hanson (1979), and Tutukov, Chugai and Yungel'son (1984) have both con-
cluded the observed sample of pulsar proper motions is strongly biased toward 
high-velocity pulsars. Hanson argued that "the present data are very incomplete 
and strongly biased toward the more easily detected high-velocity pulsars". He 
argued that there is some minimum detectable proper motion in pulsar surveys, 
in a similar manner to S tollman and van den Heu vel ( 1986). His method of 
proper motion distributions was used to give a "corrected" estimate of the pulsar 
velocity dispersion. Unfortunately, his method is based on proper motion sur-
veys conducted on normal stars. In such surveys, a very large number of stars 
are observed. Only those above a minimum proper motion are "detected". These 
surveys are very strongly biased toward close stars, or stars with unusually high 
proper motions, as they ignore the vast majority of stars observed. As we saw 
in section 6.3, the selection criteria for pulsar proper motion surveys are quite 
different. Indeed, of the 36 pulsars observed in pulsar proper motion surveys, 
none have been discarded because they failed to achieve some minimum proper 
motion. Clearly, the application of Hanson's proper-motion distribution theory 
is inappropriate for pulsar proper motion surveys. 
Tutukov, Chugai and Yungel'son (1984) suggested two methods which could 
be used to derive the initial pulsar velocity spectrum f( v) from the observed 
velocity distribution function dN / dv. Both methods used the following equation 
dN/dv = l1r-r~axlluT f(v) (6.5) 
where l is determined by the shape of the pulsar luminosity distribution, Tmax is 
the bounding radius of the sample in the galactic plane, Vu is the local birthrate 
of pulsars per square kpc of the galactic plane, and r is the lifetime of a pulsar. 
Unfortunately, we do not observe dN / dv, but the transverse velocity distribution. 
Nevertheless, the transverse velocity distribution still gives a reasonable estimate 
of the shape of the dN / dv. On average, the transverse velocities of pulsars are 
lower than their 3-D space velocities by a factor of ../372. 
Their first method involved only using the pulsars inside a critical radius 
Tcrit where r~rit = Lmin/ Smin· Here Lmin is the minimum radio luminosity of 
pulsars, and Smin is the minimum detectable flux. In this case, l rv 1 and the 
initial velocity distribution will be similar to that observed for pulsars within rcrit 
of the Sun. 
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We will restrict our attention to this method. The transverse velocity dis-
tribution of pulsars within rcrit = 500 pc of the Sun and known proper motions 
is plotted in Figure 6. 7a. There is a much greater percentage of low-velocity 
pulsars present in this reduced sample. If the lifetimes of all pulsars are similar, 
this should give a reasonable estimate of the initial distribution of pulsar veloc-
ities. From a similar distribution of pulsar velocities to that shown in Figure 
6.7a, Tutukov, Chugai and Yungelson concluded that for a field decay timescale 
of rv 8 x 106 yr the initial velocity distribution is similar to that observed for the 
pulsars within 500 pc of the Sun. They cautioned that the result was subject to 
the uncertainties associated with small-number statistics. 
Tutukov, Chugai, and Yungel'son (1984) used the ages of each of the pulsars 
in their sample as a measure of T. The estimated ages of all the pulsars within 500 
pc of the Sun with known proper motions are listed in Table 6.3 for three different 
values of the field decay timescale T d. As the field decay timescale increases, the 
ages of the weak-field pulsars increase relative to that of the high-field pulsars. 
Table 6.3:Derived pulsar ages. 
PSR Age(Myr) Age(Myr) Age(Myr) Vr 
name Td=2Myr Td = 9 Myr Td = 00 km s-1 
0809+74 4.8 15.0 122.2 41 
0833-45 0.01 0.01 0.01 116 
0834+06 1.4 2.3 3.0 104 
0950+08 2.9 7.1 17.5 15 
1133+16 1.8 3.4 5.0 264 
1237+25 3.2 8.1 22.8 178 
1451-68 3.8 10.5 42.3 68 
1604-00 3.1 7.9 21.8 12 
1944+17 5.7 18.8 290.4 19 
1952+29 8.1 29.8 3363.3 41 
We repeated the calculations of Tutukov, Chugai and Yungel 'son but used 
the estimated lifetime of a pulsar instead of its current age. If we had used the 
age of the pulsars, our derived initial velocity spectrum would be dominated by 
the inclusion of the Vela pulsar. This pulsar has an age which is a factor of 100 
smaller than the rest of the pulsars in the sample, regardless of the field decay 
timescale. The true lifetimes of pulsars are uncertain due to our ignorance of 
the pulsar luminosity law. However, the luminosity is probably related to the 
magnetic field strength and spin period. There is evidence for the decay of pulsar 
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luminosities with time (Lyne, Manchester and Taylor 1985), and virtually no 
pulsars are known with 
B12/ P 2 < 0.2 (6.6) 
where B 12 is the magnetic field strength of the pulsar in units of 1012 G and P 
is the period in seconds. B 12 / P 2 = 0.2 defines a line on the B-P diagram often 
referred to as the death line. For our estimate of T, we added the current age 
shown in Table 6.3 to the time it will take the pulsar to cross the death line. From 
these times we derived the initial velocity spectrum for field decay timescales of 
2 and 9 Myr and also if the field decay timescale is infinite. These are shown in 
Figures 6.7b, 6.7c and 6.7d respectively. 
We can see from the Figure that the relative population of high- and low-
velocity pulsars at birth is largely determined by the field decay timescale. If the 
field decay timescale is small (2 Myr), then '"'"'50 % of pulsars have velocities < 50 
km s-1 . On the other hand, if the field decay time is infinite, then only about 15 
% of pulsars are born with velocities < 50 km s-1 . 
If we just consider the initial velocity distribution of young, high-field pulsars, 
then 'crit is much larger. A typical transverse velocity for these pulsars is '"'"'200 
km s-1 ( see Figure 6.3). The initial velocity distribution of low-field pulsars is 
less certain, due to the failure of pulsar proper motion surveys to determine the 
proper motions of weak-field pulsars at large distances from the galactic plane, 
where old pulsars with large velocities would reside. 
Our model discriminates against pulsars which will ultimately reside above 
lzl = 500 pc. Many high-velocity pulsars will achieve much greater z-heights 
before they reach the death line. The lifetime T of a pulsar in equation 6.5 
should really be replaced by the length of time that it will remain visible and 
within 500 pc of the plane. If the field decay timescale is small (ie 2 Myr) , the 
correction that needs to be made is small, as most pulsars dje within '"'"'5 Myr 
of birth anyway. However, for longer field decay timescales, the effect is more 
pronounced, but difficult to quantify. The proportion of high-velocity pulsars 
derived from Figures 6.7c and 6.7d should therefore be viewed as upper limits. 
However, the results are subject to the greater uncertainties due to the small 
number of pulsars in the sample. 
As we saw in chapter 5, and in section 6.2, the observations do not conflict 
with a model where the fields of pulsars are constant. Therefore we tentatively 
suggest that the initial velocity distribution of pulsars favours high velocities. In 
our model for the origin of pulsar velocities, the low-velocity pulsars are slightly 
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spun-up pulsars released from binaries which were disrupted at the time of the 
second supernova event. In the following chapter we discuss the number of slightly 
spun-up, and single pulsars we expect to be present amongst the general popu-
lation for each of the binary pulsars if supernova explosions are asymmetric. We 
compare the proportion of low-velocity, slightly spun-up pulsars with the derived 
initial velocity distribution to check the consistency of our model. 
6.5 Binary Pulsars. 
6.5.1 PSR 1820-11. 
The binary pulsar PSR 1820-11 recently discovered by Lyne and Mc Kenna 
(1989) has a very high orbital eccentricity ( e = 0.8), an orbital period Porb 
of 356 days and a projected semi-major ( a1 sin i) of 200 light seconds. The high 
eccentricity of the orbit places strong constraints on the nature of the companion. 
Circularising forces have been practically negligible since the formation of the 
pulsar. This implies that the companion star is either still on the main sequence, 
or another compact object. 
If the companion is still on the main sequence, it would be the first example 
of a radio pulsar in orbit around a main sequence star. There are many examples 
of neutron stars in orbit around main sequence stars, but none have been detected 
as radio pulsars. If the companion is a main sequence star, it must be less than 
a few solar masses unless the orbital inclination angle is less than ~ 15°. The 
most likely possibility seems to be that the companion is another neutron star. 
If this is the case, and both neutron stars have a mass of 1.4 M0, the inclination 
angle of the binary is ~35°. For the rest of this discussion we will assume that 
the companion is another neutron star. 
6.5.2 Binary pulsars with neutron star companions. 
There are now three binary pulsars which are thought to possess a neutron 
star companion (PSR 1913+16, PSR 2303+46, and PSR 1820- 11). Each of the 
three systems has only one visible pulsar. The neutron star in the PSR 1820- 11 
system would appear to be the most recently-formed pulsar in the binary, as 
its period and period derivative place it above the spin-up line. This is almost 
definitely not the case for the PSR 1913+16 pulsar, and the situation is less clear 
for the pulsar in the PSR 2303+46 system, where the pulsar could be either the 
first- or second-born pulsar in the binary. 
There is little orbital evolution of a double neutron-star binary on > 10 Myr 
timescales, as tidal forces are negligible. These systems, therefore, remain in a 
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similar state to the one they achieved shortly after the supernova explosion which 
produced them. 
If the explosion is symmetric, and the masses of the two neutron stars are 
both 1.4 M 0 , then the mass of the pre-supernova star Mh can be determined 
from equation 6. 7 
Mh = Mx(2e + 1) (6.7) 
where Mx is the mass of a neutron star. For PSR 1820- 11, the mass of the 
presupernova star is therefore 3.6 M 0 . We can also determine the pre-supernova 
orbital period of the binary, as the periastron distance is preserved and the orbit 
is likely to have been circular prior to the supernova explosion. Therefore the 
pre-explosion orbital period P~:b would have been 
P" 21r(a(l - e))
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orb = --;=========== = 26 days 
JG(Mh +Mx) 
(6.8) 
where a, the current semi-major axis of the binary is derived from 
21ra3/2 
Porb = J2GM (6.9) 
if the masses of the two neutron stars are equal. The pre-explosion of 26 days 
is an order of magnitude larger than the standard evolutionary scenario of van 
den Heuvel (1987) allows. We conclude that if the companion is another neutron 
star, and the supernova explosion was symmetric, orbital periods prior to the 
final supernova explosion can be up to at least 26 days. Pre-supernova orbital 
periods of this magnitude were predicted by our model for the origin of pulsar 
velocities in order to obtain the velocity-magnetic moment correlation. 
Radhakrishnan and Shukre (1985) demonstrated that if supernova explosions 
are symmetric, almost all pulsar progenitors must be in binaries, and that most 
all of these must disrupt at the time of the second supernova explosion. For this 
to be the case, nearly all presupernova stars must be greater than 4.2 M 0 in or-
der to disrupt the binaries. Pulsars released from binary progenitors with similar 
orbital periods to that of PSR 1820- 11 will only possess runaway velocities of ""'30 
km s-1 . Therefore in order to retain the binary-breakup theory for the origin of 
pulsar velocities, progenitors such as that of PSR 1820- 11 must be rare if they 
are producing high-field pulsars. However, since the disruption probability de-
pends only upon the masses of the pre-supernova star and remnants , wide binary 
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progenitors are just as likely to survive as close binary progenitors. Therefore we 
might expect equal numbers of pulsars to arise from similar progenitors to those 
of PSR 1913+16, PSR 2303+46 and PSR 1820-11. 
If the field decay timescale is short, a large number of pulsars descending 
from progenitors with longer periods may help to produce the high proportion of 
low-velocity pulsars in the initial velocity spectrum. But in section 6.3 we argued 
that the low-velocity pulsars are not the descendents of high-field pulsars. If this 
is the case, it is difficult to envisage why pulsars born from wide binaries should 
have lower fields than those originating from close binaries. 
If the explosion which produced PSR 1820-11 was asymmetric, the mass 
of the pre-supernova star and the orbital period are no longer constrained by 
equations (6.7) and (6.8). In fact, the pre-supernova orbital separation a" is now 
only constrained to lie between a(l - e) < a" < a(l + e ). The pre-explosion 
mass is probably between 3-7 M 0 . As a result, the pre-explosion orbital period 
could have been anything from l"..i20 to l"..i600 days. Either of these two extremes 
is rather unlikely however, and the pre-supernova orbital period is more likely to 
have been of the order 100 days. It is important to note that even with asymmetric 
explosions, the presupernova orbital period cannot have been less than 20 days. 
Therefore, the common assumption that presupernova orbital periods after the 
common-envelope phase are of the order of a day, must be incorrect for this 
pulsar. 
We now perform an order of magnitude estimate of the number of single 
pulsars we expect to exist amongst the observed population for each of the ob-
served binary pulsars if explosions are asymmetric. In order for a massive binary 
system to become a binary pulsar (neutron star + neutron star), it must survive 
two supernova explosions. So for every binary pulsar produced there should be 
N s single pulsars, where 
2 
Ns = J(l) (6.10) 
and J(i) is the fraction of binaries which survive the ith supernova explosion. 
The factor of two comes about because each massive binary produces two pulsars. 
However, the probability of observing a binary pulsar is doubled if it contains two 
pulsars. Therefore, the number of pulsars we expect to observe for each binary 
pulsar is Ns/2. 
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The survival probability is determined by the fraction of total mass expelled 
in the supernova explosion, and the ratio of the kick velocity to the orbital ve-
locity. Sutantyo (1978) gives the survival probability of the binary f, 
f = 1 _ (1 +, )(V,; + 1) - 2(, + 8) 
2(1+,)Vk (6.11) 
where Vk is the ratio of the kick velocity to the orbital velocity,, is the ratio of the 
companion mass to the neutron star mass, and 8 is the ratio of the presupernova 
mass to the neutron star mass. 
In Table 6.4 we present the number of single pulsars we expect to be present 
amongst the general population for each of the binary pulsars. The estimated 
orbital periods prior to the first and second supernova explosions (P~rb and P~~b) 
for the three (ns + ns) binary pulsars are listed in the Table. As the orbital 
velocity is only proportional to P:/b3 , the results are fairly insensitive to Porb. 
In the table, f~~o represents the survival probability of the binary at the 
time of the ith supernova explosion for a kick velocity of n x 100 km s-1 . The 
masses of all neutron, presupernova and main sequence stars are assumed to be 
1.4 M0, 4.0 M0 and 10.0 M0 respectively. 
Our model presented in chapter 5 suggests that the distribution in velocity 
of young, high-velocity pulsars should represent the kick velocity distribution. 
From Figure 6.6, an average kick is of order 200 km s-1 . To model this we have 
weighted the survival probabilities for kick velocities of 100, 200 and 300 km s-1 
to form a composite probability Ji;~ in the following manner. Using consistent 
notation, 
(i) (i) (i) 
f (i) _ !100 + 2f200 + f300 123 - 4 (6.12) 
Also in the table is the predicted number Nold of pulsars which have accreted 
matter and been released into the interstellar medium for every binary given by: 
1 
No1d = (2f -1 
!123 
(6.13) 
The results in Table 6.4 demonstrate that the number of pulsars which are pro-
duced by the disruption of PSR 1913+16 and PSR 2303+46-type progenitors 
is very small compared to the number of pulsars produced from PSR 1820- 11 
binaries. This results from the large survival probabilities of the closer binaries. 
129 
Table 6.4: 
Binary pulsar survival Probabilities. 
Pulsar PSR 1820-11 PSR 1913+16 PSR 2303+46 
Vrun (km s-1 ) t",,,/30 t",,,/250 t",,,/80 
Porb ( d) 356 0.32 12.34 
p~:b ( d) t",,,/100 t",,,/0.1 t",,,/4 
j(2)ioo 0.2 0.54 0.42 
j(2) 200 0.0 0.47 0.3 
j(2)aoo 0.0 0.43 0.2 
j(2)i 23 0.05 0.48 0.33 
p~rb ( d) t",,,/200 t",,,/5 t",,,/10 
J(lhoo 0.35 0.89 0.77 
J(lhoo 0.0 0.57 0.48 
J(l)aoo 0.0 0.40 0.31 
J(l)i23 0.09 0.61 0.51 
N1 14 2.4 3.1 
N2 00 4.1 6.9 
N3 00 5.8 16.1 
N123 224 3.4 5.9 
Nold 19 1 2 
The binary-breakup theory requires a very large number of progenitors with 
similar periods to PSR1913+ 16 to produce the majority of young, high-velocity 
pulsars. However, if this were the case, we would expect a very large number of 
single pulsars with similar magnetic fields and spin periods to PSR 1913+ 16 to 
exist. There are none. In contrast our model predicts that there should only be 
one pulsar similar to PSR 1913+16 for every PSR 1913+16 binary which is far 
more compatible with the distribution of pulsars in the B-P diagram. 
If explosions are asymmetric, then the progenitor of PSR 1820-11 would 
appear to be an excellent standard progenitor for a large fraction of pulsars. If 
the fraction of pulsars produced from binaries is about 0.5, then the estimated 
number of normal pulsars for every PSR 1820- 11 is about 450, a number very 
similar to the actual number of known pulsars. 
One potential problem for our model is that the proportion of pulsars which 
have accreted matter, but have been released, is only about 5% of the total 
population. In our model for the origin of pulsar velocities, these pulsars are the 
low-field, low-velocity objects observed in proper motion surveys. In section 6.4 
we saw that if fields decay on short timescales, then half of all pulsars born belong 
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to the low-field, low velocity class. This fraction cannot be raised by reducing 
the kick velocity, for then the number of binary pulsars becomes too large. 
However, if those pulsars which have accreted matter have had their magnetic 
fields reduced by an order of magnitude in the process, and their fields do not 
subsequently decay, then they will live for > 108 yr, compared to normal lifetimes 
of high-field pulsars of ~107 yr. This decreases their required birthrate by at least 
an order of magnitude and brings our model into agreement with the observations. 
Thus our model can only reproduce the correct fraction low-velocity pulsars if 
fields do not spontaneously decay but are reduced in the accretion process. 
6.6 Conclusions. 
In this chapter, we have shown that the model presented in chapter 5 for the 
origin of pulsar velocities, appears to be consistent with the observational data 
obtained from our proper motion survey, and with the existence of binary pulsars 
such as PSR 1820- 11. 
The kinetic ages of pulsars were critically examined in section 6.2 and we 
found that the evidence for field decay and injection must come from pulsars 
with large characteristic ages. If magnetic fields decay spontaneously on rapid 
timescales, all pulsars die within about 5-15 Myr, depending on the field decay 
timescale. If this is so, in the only two cases where the z-velocity of pulsars 
with large characteristic ages can be determined with any certainty, the initial 
z-heights of both pulsars are constrained to lie above lzl = 200 pc. The a priori 
probability for this in a population whose progenitors have a scale height of 70 
pc is only 0.0025. However, if fields do not decay, then the ages of both pulsars 
are increased, and their birthplaces can be much closer to z = 0. 
In section 6.3 we saw that the observed correlation between velocity and 
magnetic moment does not arise because of selection effects. The low-velocity, 
low-field pulsars are not the descendents of low-velocity high-field pulsars, but 
must be injected into the general pulsar population with low fields. 
In section 6.4 we discussed the initial velocity distribution of pulsars. We 
found that the initial velocity distribution of young, high-field pulsars strongly 
favours high velocities. However, for the relatively unbiased sample of pulsars 
within ~500 pc of the Sun, there is a large proportion of low-velocity pulsars, 
implying that half of all pulsars may be born with low velocities and low magnetic 
field strengths. However, when lifetimes of the observed pulsars were taken into 
account, we found that the fraction of pulsars born with low velocities depends 
critically on the field decay timescale. If the field timescale is infinite , the number 
of pulsars born with low velocities is only of the order 10 %. On the other hand, 
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if fields decay on 2-5 Myr timescales, the fraction is closer to 50 %. From the 
evidence for constant fields discussed in section 6.3, we conclude that the initial 
velocity distribution favours large velocities. 
The binary pulsars with neutron star companions were discussed in section 
6.5. We found that the binary pulsar PSR 1820- 11 cannot be explained by 
conventional evolutionary scenarios, and that before the final supernova explosion 
which produced the pulsar, the orbital period must have been at least 20 days. We 
went on to show that the binary break-up theory requires a large number of PSR 
1913+16-type progenitors to reproduce the observed number of pulsars with large 
velocities. However, most of these must disrupt in order to produce the correct 
fraction of binary pulsars. The question then remains: why is PSR1913+ 16 so 
isolated in the B-P diagram? One would expect that there should be several 
other "spun-up" single pulsars surrounding PSR 1913+16 in the B-P diagram. 
There are none. 
Our model for the origin of pulsar velocities, in which asymmetric explosions 
accelerate pulsars up to their observed velocities, correctly predicts the number 
of normal pulsars one expects for each PSR 1820-11-type binary pulsar. Fur-
thermore, it also predicts that single pulsars with periods and magnetic field 
strengths such as PSR 1913+ 16 should be rare, and that low-velocity pulsars will 
be injected into the galactic population with intermediate spin periods. If fields 
only decay as the result of mass accretion, then it is also in fair agreement with 
the initial velocity spectrum. If fields decay spontaneously this agreement is not 
maintained. 
We conclude that most pulsars acquire their velocities from asymmetric ex-
plosions. Some pulsars remain bound after the first supernova explosion in a 
binary and ultimately accrete matter from their companion stars before they are 
released into the interstellar medium. If the binaries are relatively wide, they 
only possess low velocities. Because of the accretion, these pulsars have slightly 
decayed fields, and live for at least an order of magnitude longer than their high-
field counterparts, albeit at a generally lower level of radio luminosity. 
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Chapter 7: 
Geodetic Precession in Binary Pulsars. 
Matthew Bailes. 
Mount Stromlo and Siding Spring Observatories, 
Institute of Advanced Studies, 
Australian National University. 
(Astronomy and Astrophysics: 202, 109-112) 
Abstract. Observation of geodetic precession in binary pulsars would support 
the asymmetric kick hypothesis for the origin of pulsar velocities. For PSR 
1913+16 the probability of this effect being observable to date, while somewhat 
dependent on the assumed progenitor, is much less than 20 percent in contrast 
to past predictions. We conclude that the null result to date cannot be taken as 
evidence against the asymmetric kick hypothesis for the origin of pulsar velocities 
and that the spin axis of the pulsar may well be misaligned with the plane of the 
orbit. Our model predicts a typical misalignment angle of 20 degrees and a typi-
cal tilt rate of the emission cone of 0.15 deg yr-1 . The model is applied to binary 
pulsars in general showing that the likelihood of observing geodetic precession in 
the near future is low. 
7.1. Introduction. 
The binary pulsar PSR 1913+ 16 has already given outstanding verification 
of the general theory of relativity. The rate of periastron advance is 4.2 deg 
yr-1 and the decay of the pulsar's orbit is in agreement with that predicted 
by general relativity (Weisberg and Taylor 1985). This unique system may be 
able to further verify Einstein's theory by exhibiting the phenomenon known as 
geodetic precession. The pulsar's spin axis should precess on a timescale of about 
300 years (Barker and O'Connell 1975; Esposito and Harrison 1975; Hari Dass 
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and Radharkrishnan 1975 ) thus changing the orientation of the emission cone 
and the observed pulse shape. This will only occur if the spin axis is misaligned 
with the angular momentum axis of the binary system. On evolutionary grounds 
this can only occur if there has been an asymmetric supernova explosion in the 
system. The observation of geodetic precession would provide further verification 
of general relativity, allow us to map out the emission cone of a radio pulsar and 
confirm that kick velocities are imparted to pulsars at birth. 
In section 7.2 of this paper we examine the relationships describing geodetic 
precession. Then in section 7.3 we discuss pulsar velocities, the theories for their 
origin and the formation of binary pulsars. We derive the expected misalignment 
angle distribution for PSR 1913+16 and the expected tilt rate of the emission cone 
in section 7.4 and in section 7.5 we generalise our results by taking a sample of 
typical progenitor systems, a reasonable kick velocity distribution and performing 
a Monte-Carlo simulation. Finally in section 7.6 we summarise our results. 
7.2 Geodetic Precession. 
Geodetic precession occurs in one component of a binary system when the 
spin angular momentum vector of that component is misaligned with the orbital 
angular momentum vector. The coupling of spin and orbital angular momenta 
causes the spin vector to precess. For most binary systems the timescale is so large 
that the phenomenon is not of interest but for the binary pulsar PSR 1913+16 
this is not the case. The "characteristic" geodetic precession rate ( nP) is given 
by ( Cordes and Wasserman 1984) 
(7.1). 
where m1 is the pulsar mass, m2 the companion mass, Porb the orbital period, a 
the semi-major axis, e the orbital eccentricity and c the velocity of light. 
For the parameters of PSR 1913+16 given by Taylor and Weisberg (1982) the 
precession period is about 300 years. The rate of change of the angle 8 between 
n, the unit vector in the direction of the observer, and s, the spin unit vector of 
the pulsar, is given by 
(7.2) 
,.. 
where J is the orbital angular momentum unit vector. We denote the angle 
between] and s by a. Ultimately d8 / dt is the quantity of interest as a change in 
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o will change the observed pulse shape. We have plotted do/ dt as a function of 
precessional phase for five specific values of a in Figure 7 .1. 
Examination of this figure shows how crucial the angle a is for the likelihood 
of observing geodetic precession. If a is small then do/ dt will be small. In 
PSR 1913+16 the value of a and the current precession phase are unknown. By 
considering likely progenitor systems and a plausible kick velocity distribution 
we calculate the probable value of the unknown angle a and use it to estimate 
the probability that PSR 1913+16 will exhibit observable geodetic precession in 
a given timescale. 
7.3 Pulsar Velocities and Binary Pulsars. 
Whilst there are over 400 pulsars currently known only 26 of these have 
known proper motions (Lyne et al. 1982). The proper motions together with 
distance estimates provide us with two of three orthogonal components of the 
pulsar's velocity. The sample with known proper motions have perpendicular 
velocities that range from a few to about 350 km s-1 . 
Shklovskii (1970) suggested that pulsar velocities originate as a result of 
a (small) asymmetry in the supernova explosion. Alternate hypotheses include 
breakup of a binary system (Gott et al. 1970). If the asymmetric hypothesis is 
correct and the resulting kick velocity can occur in any direction ( cf. Hills 1983) , 
then the spin axis of PSR 1913+16 should be misaligned with the orbital angular 
momentum axis and geodetic precession may be observable over a suitable time 
base. 
Only 8 radio pulsars are members of binary systems. All of the binary pulsars 
appear to possess white dwarf or neutron star companions. Van den Heuvel 
(1984) proposes the subdivision of the binary pulsars into two different classes, 
those with low mass companions and those with companions of mass comparable 
to the pulsar. He outlines probable evolutionary scenarios for the two classes and 
concludes that the members of the higher-mass class have undergone a common 
envelope phase where the first-born neutron star has spiralled in during the giant 
phase of its companion. If the companion star is massive enough it will undergo 
a supernova explosion and if it produces a neutron star the system will either 
disrupt producing two runaway pulsars or remain bound producing a binary 
pulsar. In PSR 1913+16 and PSR 2303+46 the mass of the companion suggests 
that there has been a second supernova event and that the companion is also a 
neutron star. The eccentricity of the orbits suggests a history of rapid mass loss 
with little orbital evolution since the last supernova event. Only PSR 1913+16 is 
relativistic enough to exhibit geodetic precession on reasonable timescales. The 
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extreme regularity of the pulsar's period have made accurate determination of the 
pulsar and companion masses and the size and orientation of the orbit possible 
(Taylor and Weisberg 1982). 
7.4 Method and Assumptions. 
In order to calculate the likelihood of observing geodetic precession in PSR 
1913+16 it is necessary to make assumptions about the progenitor and the effects 
of supernova explosions on binary systems. The likely progenitor system ( van den 
Heuvel 1984) just prior to the second supernova event is a massive star in a tight 
orbit around a spun-up neutron star (the currently observed pulsar). We expect 
the orbit to be circular due to the circularizing effect of mass transfer and tidal 
forces. Flannery and van den Heuvel (1975) showed for a circular orbit before the 
second supernova the minimum and maximum pre-supernova orbital separation 
( R) must obey 
a(l - e) < R < a(l + e) (7.3) 
where a is the semi-major axis and e the orbital eccentricity. The orbital param-
eters given in Taylor and Weisberg (1982) require R to lie between about 1 and 
4.5 R0. The currently accepted range of pre-supernova stellar masses is 3 to 10 
solar masses ( van den Heuvel 1983). We take the mass of each neutron star to be 
1.4 M0 and we also assume that the spin axis of the now observable pulsar was 
aligned with the orbital angular momentum vector before the second supernova 
event ( cf. Blandford and De Campli 1981 ). 
We assume that the mass loss associated with the supernova explosion takes 
place in a timescale which is short compared with the orbital period and can 
thus be treated as instantaneous. Furthermore we assume that the outgoing 
mass is ejected asymmetrically and that the newly-born neutron star recoils with 
a randomly oriented kick velocity as a result ( cf. Hills 1983). We assume the 
magnitude of the kick velocity has a probability distribution given by the Rayleigh 
distribution 
with a standard deviation a of 150 km s-1 . If asymmetries are solely responsible 
for the origin of the pulsar velocities then we require kicks of this magnitude in 
order to reproduce the pulsar velocity spectrum. We assume that the effects of 
ablation and impact on the neutron star are negligible ( cf. Flannery and van den 
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Heuvel 1975). Furthermore we assume that the orbit has not decayed significantly 
since the last supernova event. 
Given that the orbit prior to the explosion was circular, each progenitor can 
be parameterised by two variables, Mh (the mass of the supernova progenitor at 
the time of the explosion) and R. In order to obtain a binary pulsar with semi-
major axis a and eccentricity e from a given progenitor, for neutron stars of equal 
mass, Mx, the relative velocity of the neutron stars (Vae) after the explosion must 
obey 
Vae 2 = 4GMx [1/ R - l/(2a)] (7.5) 
where the angle () between Vae and the vector joining the neutron stars is given 
by 
sin2 B = [a/R](l - e2 )(2 - R/a)- 1 (7.6) 
The relation between Vkick and a is 
Vlick( a) = (Vo - VaesinBcosa )2 + (Vaecos8) 2 + (VaesinBsina )2 (7. 7) 
where Vo is the orbital velocity between the two stars just prior to the explosion. 
The probability that a is between a and a + da for any given progenitor is 
proportional to the integral of the kick velocity distribution function over the 
region in velocity space which produces a binary pulsar with the required orbital 
parameters and a. Geometrically this means that the probability distribution 
function of misalignment angle P( a) is given by 
ra+da 
P( a) ex } a Ray(Vkick (a), a) Vae si nB da (7.8) 
For the general case where the progenitor is unknown we must integrate over 
all possible progenitors, hence for the general case 
j Mhm.ax 1a(l+e) P(a) ex Ray(Vkick(a), a)VaesinB dR dMh 
Mh . a(l-e) 
m.,n 
(7.9) 
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By combining equations (7.2) and (7.8) we obtain an expression for the tilt rate 
distribution. The normalized integral of this distribution gives the probability 
that the tilt rate will be less than any given tilt rate and can be used to estimate 
how long we can expect to wait until precession effects are observable. 
In Figure 7.2 we show the expected distribution of misalignment angle a 
for each of four assumed progenitors described in Table 7.1 and for the general 
case. In each case we observe that there is a strong bias toward small a despite 
the generous kick velocity distribution adopted. A typical value of a is about 20 
degrees. The pre-supernova orbital separation is shown to be the major factor 
in determining the misalignment angle which is only mildly sensitive to the pre-
supernova mass. The general case peaks at a non zero value as some of the 
progenitors require kicks which are less than the peak of the adopted kick velocity 
distribution. In general this is not the case. 
Table 7.1 Assumed Progenitor Systems. 
System R Mh 
(a) 1.43 R 0 4.0 M0 
(b) 1.43 R 0 7.0 M0 
(c) 3.57 R 0 4.0 M0 
(d) 3.57 R0 7.0 M0 
By integrating over all precession phases and using the misalignment angle 
distributions shown in Figure 7 .2 we can compute the tilt rate distribution. The 
normalized integral of this distribution is then the probability that the emission 
cone will be tilting at less than a given rate. In Figure 7 .3 we plot these integrals 
for each of the four progenitor systems given in Table 7.1 and also for the general 
case. Cordes and Wasserman (1984) have estimated that it would take a tilt 
of 3.5 degrees before any change in the emission cone would become observable. 
Although accurate observations have been in progress for about 6 years now, 
Figure 7.3 shows that there is only a very small chance that PSR 1913+16 could 
have been displaced through 3.5 degrees in the last 6 years and that a typical tilt 
rate is about 0.15 deg yr- 1 . In our sample only the wide progenitors are likely 
to tilt at the required rate of 0.6 degrees per year. 
We now restrict our attention to the general case. If 3.5 degrees of tilt 
are required for detection of geodetic precession then there is only about a 20% 
chance that we will observe it in the first ten years of observation. Clearly the 
null result to date cannot be used to suggest that there was no kick velocity in 
the system. In the above calculation we have assumed that the tilt rate remains 
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constant. Whilst this is a good approximation for timescales short compared 
with the precession period it breaks down for long timescales and a more complex 
calculation is required. 
The form of the kick velocity distribution is not crucial to the results. For any 
distribution function which decreases monotonically after Vkick rvl50 km s-1 the 
results are largely unaffected. The shape of the distribution for Vkick < 100km 
s-1 is largely unimportant as there are comparitively few progenitor systems 
which require kicks of this magnitude. 
7.5 Other Binary Pulsars. 
We have seen how the prospects for observing geodetic precession in the near 
future in the binary pulsar PSR 1913+ 16 are not high. In this section we discuss 
the probability of observing the phenomenon in any newly discovered binary 
pulsars with a similar history to PSR 1913+16. Unfortunately the knowledge of 
binary (neutron star - neutron star) pulsar progenitors is extremely limited. The 
statistics of the sample are poor with only two candidates : PSR 1913+ 16 and 
PSR 2303+46. The orbital periods of these two pulsars differ from each other 
significantly ( 7.75hrs for PSR 1913+16 and 12.34 days for PSR 2303+46) hence 
relativistic effects in 1913+16 are much greater than in 2303+46. Although there 
are some 4000 unevolved massive OB binaries in the Galaxy, uncertainties about 
the common envelope and mass loss phases of their evolution make it extremely 
difficult to estimate what fraction of these systems will resemble PSR 1913+16 
or PSR 2303+46 after the second supernova event in the system. 
We perform a Monte Carlo analysis on a collection of assumed progenitor 
systems. The assumptions are identical with those of section 7.4. We choose 
the mass of the pre-supernova progenitor to lie between 3 and 10 M0 with equal 
probability and the orbital separation to lie between 1.4 and 14 R 0 . For each 
randomly selected progenitor vve generate a random kick velocity. If the binary 
survives the explosion we allocate a random inclination angle of the orbit and 
precession phase. From this we calculate the tilt rate and build up a histogram 
of the results. The integral of this histogram is displayed in Figure 7 .4. For 
comparative purposes we display the results obtained for PSR 1913+ 16. 
We see from Figure 7.4 that if our assumptions are correct then about 90% 
of binary pulsars will have d8 / dt less than O .1 degrees per year. Unless our 
assumptions about the progenitor population are greatly in error it is clear that 
any newly discovered binary pulsar has only a small chance of exhibiting geodetic 
precession on short timescales. There are two reasons for this. Firstly, if the 
initial orbital separation is small the velocity before explosion is so high that the 
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kick velocity cannot cause a large degree of misalignment. Hence the angular 
displacement of the emission cone is small. If the initial orbital separation is 
large then any resulting binary pulsars are likely to have large semi-major axes. 
The precession period is proportional to a-2 ·5 (see Equation 7.1) so binary pulsars 
arising from longer period progenitors are not likely to exhibit geodetic precession 
on short timescales even though they may possess a large degree of misalignment. 
7.6 Conclusions. 
In this paper we firstly calculated the expected timescale for PSR 1913+ 16 to 
exhibit geodetic precession. In the past, the constant pulse shape in PSR 1913+16 
has been taken to mean one of two things, either that the degree of misalignment 
of the pulsar's spin axis is very small or that the phase of precession is currently 
unfavourable for observing precession (Cordes and Wasserman 1984). We have 
shown that unless very large kick velocities are allowed it is improbable that 
the misalignment angle will be large, and given the oscillatory nature of the tilt 
rate it is very unlikely (much less than 20 percent) that any change in the pulse 
shape would have been observable to date. Hence, even if we allow generous kick 
velocities, it is still too early to see evidence of them. Unfortunately we have 
shown that even after 20 years of observation the probability of a detection is 
less than 50 percent. The median value of misalignment angle calculated in our 
simulation is about 20 degrees and the median tilt rate is about 0.15 deg yr-1 . 
The assumption most likely to be significantly in error is that of the form of our 
kick velocity distribution. We found that any distribution which falls off at high 
velocities gives rise to similar results. Thus the null result cannot be used as an 
argument against kick velocities for the origin of pulsar velocities. 
In the second section we showed that any newly discovered pulsar with a 
past history similar to PSR 1913+16 is unlikely to exhibit geodetic precession 
on short timescales. Binary pulsars with short orbital periods are more likely to 
exhibit the effect than those with long periods. Over a long timescales geodetic 
precession will increase the number of binary pulsars visible from Earth. 
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Chapter 8: Summary. 
The principle aim of this thesis was to determine the origin of pulsar veloc-
ities. A major clue to this is the low fraction of binary radio pulsars amongst 
the general population despite the high frequency of binaries amongst their pro-
genitors, the OB stars. If one component of a binary undergoes a symmetric 
supernova explosion, the disruption probability is determined by the fraction of 
matter expelled. On the other hand, if explosions are asymmetric, the disruption 
probability depends upon the fraction of matter expelled, and the ratio of the 
kick velocity to the orbital velocity. Our ignorance of the pre-explosion masses 
of supernovae means that one cannot rule out symmetric explosions. As a re-
sult we chose to examine the characteristics of pulsars one expects if supernova 
explosions are asymmetric, and pulsars receive kick velocities at birth. 
Using standard scenarios of massive binary and pulsar evolution, we found 
that the characteristics of the two neutron stars which are formed in a massive 
binary are quite different. One neutron star was formed several million years 
before the disruption of the binary, but only became observable as a radio pulsar 
after the second supernova explosion. This neutron star had accreted matter from 
its companion and its magnetic field had had time to decay. When it became 
visible as a radio pulsar, it possessed a weak magnetic field, and an intermediate 
spin period. The other pulsar possessed a high field, and a small spin period. 
The correlation between the velocity and magnetic moment of radio pulsars 
placed further constraints on the asymmetries in the explosion. If the neutron 
stars obtained randomly-oriented kick velocities of rv 200 km s- 1 at birth, and 
the orbital period prior to the explosion was of the order a few days, the ve-
locity of the weak-field pulsars was greater than that of the high-field pulsars. 
This was in stark contrast to the observations, where a correlation is observed 
between velocity and magnetic field strength. If the explosions were symmetric, 
the velocity of the older, weak-field pulsar was also greater than that of the new 
pulsar. However, when we increased the presupernova period from a few days 
to several months, the velocity of the old pulsars decreased, and a correlation 
between velocity and magnetic moment was obtained. 
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Although this model could explain the correlation between the velocity and 
magnetic moment, the required range of presupernova periods was well outside 
the accepted range of a few hours to a few days. By considering the disrup-
tion probability as a function of presupernova orbital period, we found that only 
presupernova orbital periods of > a few months could yield the correct fraction 
of pulsars in binaries if explosions were asymmetric. Encouraged by this result , 
we reviewed the evidence for small orbital periods prior to the second supernova 
explosion and found it inconclusive. Furthermore, our model "injected" several 
pulsars into the general population with intermediate spin periods, as required 
by a number of authors in order to model the observed population. 
We found that the only pulsars in our model required to have low fields 
were those which had accreted matter. Some authors have suggested that this 
may reduce the magnetic field strengths of pulsars ( eg Blondin and Freese 1986). 
We found that if mass accretion does cause the decay of pulsar fields , the need 
for spontaneous field decay is eliminated. The distribution of pulsars in the 
period-magnetic field diagram, and the discrepency between the kinetic ages and 
characteristic ages of pulsars can both be explained by the injection of a small 
number of pulsars with intermediate spin periods and low magnetic fields, as 
in our model. This model is attractive, as it explained why the fields of the 
millisecond pulsars and the binary pulsar PSR 0655+64 are not decaying, without 
invoking additional ad hoc assumptions about two-component fields. 
With the addition of our observational data we re-examined the validity of 
our model. We found that the birthplaces of the only two pulsars with large 
characteristic ages and small errors in their z-velocities are constrained to lie at 
unrealistically large distances from the galactic plane if their magnetic fields are 
decaying on timescales of a few Myr. However, if the field decay timescale is 
infinite, their birthplaces can be at a much more reasonable lzl. We also found 
that the correlation between velocity and magnetic moment has been reinforced 
by our data, and that this correlation is very unlikely to be the result of selection 
effects. 
The initial distribution of pulsar velocities was considered, and we found the 
percentage of pulsars born with low velocities depends critically on the field decay 
timescale. If the decay timescale is small, l"V 50% of pulsars are born with low 
velocities. On the other hand, if the field decay timescale is infinite, the fraction 
is probably <15 % and most pulsars possess velocities of l"V 200 km s-1 . 
The newly-discovered binary pulsar PSR 1820- 11 was discussed and we found 
that prior to the second supernova explosion the orbital period must have been 
at least 20 days, and if the explosion was asymmetric, probably more like 100 
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days. This binary pulsar provided confirmation of our earlier assertion that or-
bital periods after the common-envelope phase could be this large. The survival 
probability of this system was considered, and we found that for every binary 
pulsar such as PSR 1820- 11, several hundred other single pulsars should exist 
if pulsars received kick velocities at birth. Furthermore, the number of pulsars 
which have accreted matter but been released into the general population was 
considered, and we found from lifetime estimates that our model can reproduce 
the correct percentage of low-field, low-velocity pulsars if pulsar magnetic fields 
do not decay. 
If explosions are symmetric, we found that a large number of binaries with 
similar orbital periods to PSR 1913+16 prior to the second supernova explosion 
are required to reproduce the percentage of pulsars with high velocities. As 
these possessed similar orbital periods to the progenitor of PSR 1913+16, we 
might expect a large number of these pulsars to also have similar spin period and 
magnetic field characteristics to PSR 1913+16. However, PSR 1913+16 occupies 
an isolated position in the spin period, magnetic field diagram. Our model, on the 
other hand, predicts that there should be a very small number of single pulsars 
with spin period and magnetic field characteristics like PSR 1913+16. 
We conclude that the model presented can explain the low fraction of pulsars 
in binaries, the velocity-magnetic moment correlation, and the orbital parame-
ters of the binary pulsars. That is, pulsars achieve their high velocities from 
asymmetric explosions and their fields do not decay spontaneously, but may be 
reduced by the accretion of matter. The assumption that wide binaries do not 
undergo spiral-in during the common-envelope phase appears to be confirmed 
by the binary pulsar PSR 1820-11. The ad hoc assumption that fields do not 
decay spontaneously, but are reduced by mass accretion is certainly consistent 
with the observations, and probably no more ad hoc than the assumption of a 
two-component field, in which the crustal field decays, but the core field does 
not. Our model provides support for theoretical models which predict that the 
field decay timescale should be at least several hundred million years eg (Sang 
and Chanmugan 1987). 
We have found that the number of pulsars which can have their proper 
motions determined at an observing frequency of 1.6 GHz is low. However, for 
those which possess sufficient flux, and a suitable reference, their proper motions 
can be determined to a high degree of accuracy. We have been able to determine 
the proper motions of six pulsars, and the parallax of PSR 1451-68. The proper 
motion of the Vela pulsar was of particular interest, as this object is inside the 
supernova remnant which produced the pulsar. 
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